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An Investigation into the Function and Specification of Enteroendocrine cells in Drosophila melanogaster 




 Enteroendocrine cells (EEs) are critical components in our bodies’ ability to maintain 
homeostasis after eating a meal. Hormones released by EEs mediate processes ranging from triglyceride 
processing to glucose balance to hydration maintenance. Despite their importance, they remain 
relatively poorly understood in terms of development as well as function.  Drosophila melanogaster is a 
promising model in which to study EEs. I performed a gene expression assay in Drosophila, and found 19 
transcription factors likely to be specific to EEs. I am in the process of analyzing their mutant phenotypes 
in the fly midgut. Additionally, by a limited screen of the homologs to the fly EE-specific transcription 
factors, I was able to identify two candidates for novel transcriptional regulators involved in EE 
specification or functionality. I will be analyzing the mutant phenotypes for these two genes, Lmx1a and 
Lmx1b, in addition to a third mutant Prox1, chosen because of the strong phenotype of its homologous 
gene’s knockdown in the fly. I am hoping I will be able to add to the ever-growing body of knowledge in 
reference to enteroendocrine development.  
 Additionally, several assays were performed on flies lacking EEs. I found that flies without EEs lay 
significantly fewer eggs, and have apparent defects in oviposition and defecation. I will outline several 
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Chapter 1: General Introduction 
Review of the Model System 
What is a Gut? 
All animals must ingest food in order to live. Over hundreds of millions of years, species have 
evolved to digest, absorb, and recycle the molecules necessary for life. More than just central to 
humans, the gut is central to the entire animal kingdom (Stainier, 2005). One could even argue that early 
animal phyla are defined by their gut development. 
  
Figure 1 Early gut model organism 
 (A) Diagram of a hydra illustrating the cnidarian gastrovascular cavity. (B) Close-up cross-section of the 
wall of the gastrovascular cavity, with the epidermis on the top and the gastrodermis on the bottom. 
Both secretory and digestive cells are illustrated. Figure adapted from (Barnes, 1987). 
 
Every organism within the animal kingdom has cells specifically devoted to digestion and 
nutrient absorption. In even the least complex metazoans, the Porifera, specialized flagellated cells, 
choanocytes, engulf food from the lumen of the body cavity and digest and transport nutrients to other 
tissues in the body. In the next phylum up the taxonomic tree, Cnidaria, we see the first true gut, an 
entire tissue devoted to digestion, derived from endodermal tissue, and which, when fully developed, 
includes two main differentiated cell types relied upon throughout gut evolution: the secretory cell and 




Though the general body plan of a central gut—derived from endoderm, surrounding a lumen 
and lined with an epithelium of absorptive and secretory cells—remains intact throughout the animal 
kingdom, two key developments are made in the course of gut evolution. The first is the development of 
a mouth and a separate anus, and the second the development of different zones or compartments 
along the length of the gut. Compartmentalization into various specialized domains allows the animal to 
process the contents of the lumen more efficiently from ingestion to excretion, with different and 
sequential digestive processes taking place in separate regions (Karasov, Martinez del Rio, & Caviedes-
Vidal, 2011). 
The general cell types of absorptive and secretory cells exist in common between gut 
compartments, even though their exact functionality differs. The absorptive cells, hereafter referred to 
as enterocytes (ECs) are generally built with a brush border which has an extensive surface area to 
interact with the luminal contents. The secretory cells are a diverse class of endocrine and exocrine cells 
which make digestive enzymes, hormones, and protective substances such as mucus or chitin. These 
cells generally comprise a minority of the epithelium, and exist as single cells scattered in a field of 
enterocytes. Perhaps due to their scattered and diverse nature, the biology of secretory cells remain 
relatively poorly understood. However, comprising less than one percent of the cells in the intestinal 
epithelium, their scarcity does not correlate to their importance in maintaining physiological 
homeostasis; throughout the evolution of metazoans, secretory cell types have remained in existence.  
Drosophila melanogaster serves as a useful model for studying gut development in general, and 
even more so when attempting to study in detail the genetic bases of cell specification. The mouse is 
classically used as the model organism most closely related to humans, but genetic studies are relatively 
slow and laborious in the mouse. Drosophila offers a system in which the options for genetic 
manipulation are wide open, and the experiments are relatively fast. Despite the wide evolutionary 




that of the mouse, with the developmental program remaining highly conserved and the functionality of 
the differentiated cell types being almost identical.  
The Drosophila Gut 
My research has focused particularly on how gut tissue develops into its fully functional form, 
and how it maintains itself in the face of the stresses that come with the ingestion and digestion of 
materials, both nutritious and harmful. In order to understand developmental and regenerative gut 
biology more fully, we use Drosophila melanogaster as a model organism. There are three regions in the 




Figure 2: The Drosophila gut 
The fly gut consists of three main regions: the foregut, midgut, and hindgut. The foregut and hindgut are 
ectodermally derived, and the midgut is endodermally derived. At the anterior end of the fly, the 
foregut serves to transport ingested food from the mouthparts to either the crop for storage of a large 
meal, or to the cardia, for immediate digestion. The midgut, where digestion occurs, extends from the 
cardia to the junction with the malpighian tubules at the posterior end. The hindgut, located between 
the malpighian tubules and the rectum, serves to absorb water and regulate salt balance in the animal 
before transport of the waste to the rectum where it is stored until excretion. Adapted from (Takashima 





Of the three regions, my work focuses on the Drosophila midgut. This organ, like all animal guts, 
originates from endodermal tissue during embryogenesis (Tepass & Hartenstein, 1994; Yee & Hynes, 
1993) and its development is controlled by many highly conserved signaling pathways such as the Gata, 
Forkhead, and Hox pathways. (A. Y. Hartenstein, Rugendorff, Tepass, & Hartenstein, 1992; Okumura, 
Matsumoto, Tanimura, & Murakami, 2005).   
 
Development of the Drosophila Midgut 
Drosophila melanogaster is a holometabolous insect which undergoes complete metamorphosis 
between the larval and adult stages, during which time all larval organs are destroyed and rebuilt in 
their adult form. The cells which will contribute to the adult organs develop in imaginal tissues in the 
larva, such as the wing disc, the eye disc, and the adult midgut progenitor (AMP) islands.  
In very early embryonic development, the endoderm, which will eventually form the midgut, is 
specified by several transcription factors including Fork head (a member of the FOX family of winged 
helix transcription factors) and Serpent (a GATA-type transcription factor). The earliest stages of gut 
development involve the migration and deposition of epithelial cells on the developing visceral muscle. 
The first cells to be deposited are the ECs, with the progenitor cells remaining on the apical surface until 
the stage at which they invade the epithelial layer to adhere to the basal boundary with the visceral 
muscle (Figure 3) (Micchelli, 2012). During this early stage of development, midgut progenitor cells can 
be identified by their expression of proneural genes scute (Tepass & Hartenstein, 1995) and prospero 
(Hirata, Nakagoshi, Nabeshima, & Matsuzaki, 1995; Oliver et al., 1993; Spana & Doe, 1995), and by their 
expression of the marker and driver line escargot-Gal4 (esg-Gal4) (Jiang & Edgar, 2009).  Over-activation 
of Notch at this stage creates fewer AMPs, and inhibition of Notch creates more AMPs but fewer ECs, 





Figure 3: Embryonic development of the midgut 
The endodermal rudiment is marked with proneural gene expression before invagination and then the 
presumptive ECs are specified by Notch signaling before migrating to the surface of the visceral muscle. 
The AMPs remain on the apical surface of the ECs until an unknown point at which they invade the 
epithelial layer to their basal location, where they remain throughout the rest of development. Figure 
adapted from (Micchelli, 2012). 
 
The larva hatches from the embryonic stage with a larval midgut comprised mostly of large 
polyploid absorptive ECs, interspersed with relatively few secretory EEs. Nestled between the 
differentiated cells of the larval midgut are roughly 100 progenitor cells which will eventually form the 
adult midgut. These are the AMPs, which can be recognized by their diploid nuclei, their expression of 
Delta ligand, and their expression of esg-Gal4 (Mathur, Bost, Driver, & Ohlstein, 2010). 
During the first instar, the AMPs divide and migrate to form a relatively evenly spaced pattern of 
single cells (Figure 4.A) (Takashima, Younossi-Hartenstein, Ortiz, & Hartenstein, 2011). After the 
migration phase, and during the second larval instar, the AMPs each divide to create an imaginal island 
comprised of a peripheral cell (PC) and its associated AMP (Figure 4.A-F). The PC, specified by a Notch 
signal and marked by ongoing Notch Reporter Element (NRE) expression as well as esg-Gal4, secretes 
Decapentaplegic (Dpp), a ligand activating the BMP pathway and required by the AMPs to maintain their 




Maintaining contact with the PC, the AMPs continue to proliferate throughout the rest of larval 
development, driven by Egfr ligands released by the visceral muscle (Jiang & Edgar, 2009). Eventually, by 
the end of larval development, islands of about 10 nascent AMPs pepper the gut.   
Upon pupariation, at the end of larva development, the AMP islands coalesce and the PCs open 
up and form a basal epithelium, releasing their AMP contents and forming a boundary layer between 
the basal AMPs and the luminal dying larval gut (Figure 4.G-I). While some AMPs begin to differentiate 
into ECs during pupation, others remain undifferentiated and continue to express the AMP marker esg-
Gal4. The larval and pupal guts eventually histolyze, and are completely enclosed within the lumen of 
the newly developing adult midgut, forming the “yellow body”, or the meconium, of the new adult 
midgut (Takashima, Younossi-Hartenstein, et al., 2011). Most of the AMPs then differentiate into 
absorptive enterocytes, with some remaining undifferentiated to divide and populate the adult midgut 
as adult intestinal stem cells (ISCs) and EEs (Takashima, Adams, et al., 2011; Takashima, Younossi-
Hartenstein, et al., 2011). The dividing AMPs  fated to become adult ISCs go through approximately 
three rounds of symmetric division, giving rise to new cells marked with esg-Gal4 expression before they 
make their first asymmetric division, giving rise to adult EEs which are marked by Prospero expression 







Figure 4: Development of the adult Drosophila midgut 
The left column contains confocal photographs of esg-Gal4 expression in the developing tissue (GFP 
green, DAPI blue). (A-C) Represent early larval midguts, with single AMPs and no PCs. (D-F) represent 
late-larval midguts, after the imaginal islands have developed. (G-I) represent the pupal midgut. (J-L) 
represent the adult midgut. The figure illustrates the growth of the larval AMP islands and the changes 
that occur during metamorphosis.  Figure adapted from (Jiang & Edgar, 2009; Takashima, Gold, & 







Drosophila Midgut Architecture 
The adult midgut, on which I have focused most of my research, is a monolayer epithelium 
comprised of differentiated ECs and EEs and their progenitors, situated upon a basement membrane 
(Hakim, Baldwin, & Smagghe, 2010). It is bounded at the anterior end by the cardia, and at the posterior 
end by the malpighian tubules and hindgut. This tube is surrounded by a layer of circular muscle, a layer 
of longitudinal muscle, and a network of trachea, which enable gas-exchange in the muscle and 
epithelium (Figure 5).  Within the epithelial tube is a chitinous sleeve of peritrophic membrane secreted 
by the cardia (King, 1988). Possibly remodeled in the posterior midgut (Buchon et al, 2013), this 
membrane acts to protect the epithelium from the more noxious contents of the gut, while at the same 
time allowing nutrients to flow to the epithelial luminal surface for absorption (Kuraishi, Binggeli, Opota, 
Buchon, & Lemaitre, 2011). The adult epithelium is maintained by a host of intestinal stem cells (ISCs), 







Figure 5: Tissue layers and cell type markers of the adult Drosophila midgut 
A sagittal view illustrating the tissue layers of the midgut in false color (A). The lumen is surrounded by a 
peritrophic membrane (not visible in photo) within the epithelial tube, which sits upon a basement 
membrane and is itself is surrounded by two layers of visceral muscle and a network of tracheal 
branches. Upon closer inspection, the individual cell types within the adult midgut epithelium can be 
recognized by various markers. An antibody to the transcription factor Prospero marks all EEs (B, C, and 
E). ISCs and EBs both express esg-Gal4 (C-E), but only EBs show Notch activity by the Notch Reporter 
Element (NRE) (C, E), and although both ISC and EB can stain positive for Dl it is always strongest in the 
ISC (D). Fully differentiated ECs can be recognized by DAPI stain due to their large polyploid nuclei (E) 
Markers: (B) DAPI is blue, Dl is red cytoplasmic, pros is red nuclear (C) GFP driven by esg-Gal4 is green, 
NRE-lacZ is pink, DAPI is blue, and Prospero is red (D) DAPI is blue, GFP driven by esg-Gal4 is green, Dl is 






The predominant cell type in the epithelium is the absorptive EC, a large polyploid cell with a 
brush border. There are roughly 3300 ECs in the adult posterior midgut (3 to 7 days past eclosion). These 
cells are generally recognizable by their large nuclei stained with DAPI, which range from 4n to 16n. 
Scattered between the ECs are roughly 500 EEs whose identities vary along the AP axis. These cells are 
all marked by antibody staining to the transcription factor Prospero. In addition to these differentiated 
cells, about 750 intestinal stem cells (ISCs) can be found scattered throughout the epithelium, along with 
roughly 1000 early daughter cells referred to as enteroblasts (EBs) (Cell counts courtesy of Elena 
Lucchetta, personal communication).  Although enteric nerves do extend from the CNS to the very 
anterior and posterior ends of the midgut, the bulk of the midgut is not innervated. Along its anterior-
posterior (AP) axis, the gut of Drosophila can be divided into distinct histological regions referred to, 
respectively, as regions RO through R5(Buchon et al., 2013). Across these regions, tissue morphology 
varies greatly (Figure 6). R3, for example, which corresponds to the middle midgut copper cell region, 
exhibits a completely different tissue architecture than the rest of the midgut, with interspersed acid 
secreting copper cells (CCs) and interstitial cells (ICs) instead of ECs (Dubreuil, 2004; Shanbhag & 
Tripathi, 2009; Strand & Micchelli, 2011). Different types of metabolic genes are expressed along the 
A/P axis, and suggest a progression of digestion along the length of the gut as complex molecules are 








Figure 6: Regions of the adult Drosophila midgut 
Within the adult midgut, several distinct histological regions can be distinguished. In all images, nuclei 
are stained blue with DAPI, the brush borders of the ECs is marked green with A142-GFP, the muscle is 
marked red with Phalloidin, and the lumen is marked with yellow beads.  Each region is bounded by 
restriction points at which the luminal diameter is narrowed. At the anterior end, the foregut, crop and 
cardia are designated R0. The foregut is a tube transporting food to either the crop or the cardia. The 
crop can expand to store a large meal, and the cardia serves as a valve. An additional function of the 
cardia is to secrete the peritrophic membrane, a chitinous mesh sleeve which lines the gut and protects 
the epithelium from damage. In R1, the next region, the crop and malpighian tubules contact the 
outside surface of the midgut in vivo. There are enteric nerves which extend from the anterior, 
innervating R0 and R1, but no further. R2 is a region of deep epithelium, which expresses genes 
suggesting it is capable of digesting and absorbing lipids, proteins, and complex carbohydrates. It stains 
strongly for lipid droplets with oil red O (data not shown). R3 is an acidic region, where cup-shaped acid-
secreting copper cells, interlaced with a lattice of interstitial cells, replace the absorptive ECs found 
elsewhere in the midgut. R4 is another metabolic region, and like R2, expresses several genes suggesting 
it is able to complete digestion of proteins, triglycerides, and simple carbohydrates. R5 expresses high 
trypsin levels, and has high expression of amino acid transporters, suggesting this region serves to 
complete the metabolism of proteins. Posterior to R5, there is the hindgut, which is not of endodermal 
origin and will not be considered further in this work. Additionally, the malpighian tubules, which filter 
hemolymph and serve an analogous role to the vertebrate kidneys, connect to the lumen at the junction 





Specification of Daughter Cells by Notch  
Because of the chemical and mechanical stresses on the epithelial cells, the differentiated 
daughter cells are lost within the span of roughly 1-2 weeks and must be replaced by ISC divisions to 
maintain tissue integrity. The ISC divides, renewing itself and giving rise to an EB, which divides away 
from the basement membrane and differentiates directly, without transient amplification, into either an 
EC or an EE, as directed by a Notch signal, with a high Notch signal causing the EB to differentiate into an 
EC and a low signal causing the formation of an EE (Micchelli & Perrimon, 2006; Ohlstein & Spradling, 
2006). A Notch signal is necessary and sufficient to cause the differentiation of EBs into ECs, since the 
loss of Notch causes stem cell and EE tumors and the over activation of Notch causes ISCs to 




Figure 7: Notch mutant clones in the midgut are tumorous 
Marked homozygous mutant stem cell clones induced in the adult midgut are tumorous, and either 
Prospero positive or negative.  The Prospero negative tumors are thought to arise from a symmetric 
division giving rise to two ISCs which continue to symmetrically divide. The Prospero positive tumors are 
thought due to an incomplete specification of a daughter of an asymmetric division, such that the 
daughter expresses Prospero, but does not exit the cell cycle, and goes on to divide symmetrically 






 The Notch signaling pathway has been shown to play an important role in cell proliferation, fate, 
and survival throughout the animal kingdom.  The principal players in the pathway appear in Figure 8 
below. Notch signaling is a juxtacrine signal, meaning the signal sending cell and the signal receiving cell 
must be adjacent to one another in order for a successful signal to be sent, because both the ligand and 
receptor are transmembrane proteins (Bray, 2006). The ligands for the Notch pathway, which in 
Drosophila include Delta and Serrate (collectively referred to as DSL), must first be endocytosed by the 
signal-sending cell in order to become competent to signal. The ligands are then presented with the 
necessary modifications on the surface of the competent signal-sending cell for reception by an adjacent 
cell.  The signal-receiving cell must also first endocytose and process the Notch receptor in order to 
become competent to receive a signal. A properly glycosylated Notch receptor present on the surface of 
a cell can bind to a properly processed DSL ligand, initiating a cascade of cleavages which eventually 
allow the Notch intracellular domain to travel to the nucleus where it can bind with Suppressor of 
Hairless (Su(H), homolog of mouse CSL) and a number of other co-factors to relieve default Su(H) 
repression and cause the transcription of numerous target genes (Bailey & Posakony, 1995). 
The main class of proteins directly affected by Notch signaling are the bHLH family of genes, 
which includes transcription factors that can serve as either activators or repressors. This class of 
transcription factors is defined by a basic DNA binding domain, and by a dimerization domain which 
contains two alpha-helixes connected by a loop.  bHLH transcription factors form functional 
heterodimers with other HLH proteins such as Daughterless (Da) in Drosophila or E12 or E47 in 
vertebrates (Cabrera & Alonso, 1991; Murre et al., 1989; Vaessin, Brand, Jan, & Jan, 1994). Together 
with an E-protein partner, the proneural factor binds E-box sequences (CANNTG), and proceeds to serve 
as either activator (bHLH A proteins) or repressor (bHLH R proteins) on transcription of downstream 
target genes (Cave, Xia, & Caudy, 2011). The bHLH A class of genes is exemplified in Drosophila by the 




shown to regulate neurogenesis in the developing Drosophila central and peripheral nervous systems 
(Reeves & Posakony, 2005; Skeath & Doe, 1996; Van Doren, Bailey, Esnayra, Ede, & Posakony, 1994). 
The bHLH R genes are exemplified by the hairy and Enhancer of split (h and E(spl)) family (the Hes genes 
in mouse) which inhibit the transcription of various target genes (Van Doren et al., 1994; van Es, de 
Geest, van de Born, Clevers, & Hassan, 2010; Villares & Cabrera, 1987).  
 
 
Figure 8: Overview of the Notch signaling pathway 
Both the ligand and the receptor must be endocytosed and processed in order to become competent to 
either send or receive a signal. Upon receptor binding ligand, the intracellular domain is cleaved from 
the membrane-bound portion of the protein, and is free to move into the nucleus where it can relieve 
transcriptional repression and act as a transcriptional activator for numerous targets.  Adapted from 







The proneural genes have been most exhaustively studied in the developing Drosophila 
peripheral nervous system, specifically in divisions which specify the sensory organ lineage (B. Castro, 
Barolo, Bailey, & Posakony, 2005). In the developing peripheral nervous system, there are clusters of 
cells which express proneural genes of the AS-C complex, as well as Notch and Delta, whose 
transcription is activated by the AS-C genes. These cells are equipotent to become the sensory organ 
precursor cell (SOP) of that proneural cluster, but only one cell will be specified as a result of a cascade 
of events which eventually inhibit Notch signaling in one cell. (Cubas, de Celis, Campuzano, & Modolell, 
1991; Skeath & Carroll, 1991). Since all of the cells in the cluster initially express Delta and Notch, they 
are all able to send Notch signals to each other. A Notch signal inhibits the activity of the AS-C genes, 
and down regulates Delta expression (Cabrera, 1990). If one of the cells in the cluster started with 
slightly more Delta or slightly less Notch than its neighbors, this cell will down-regulate Delta less than 
its neighbors, and eventually win the lateral inhibition competition to become the single SOP in the 
cluster, maintaining a Delta signal to inhibit neurogenesis in its neighbors (Figure 9).  
Following the specification of the SOP within the proneural cluster, there are two asymmetric 
divisions which also use Notch signaling to differentiate between the daughter cell fates. In these 
divisions, DSL and Notch are equally present along the membranes of the newly divided cells, but cell 
fate determinants which inhibit Notch signaling are clustered near one end of the mitotic spindle and 
therefore unequally distributed between the daughter cells. The daughter cell which inherits the bulk of 
the cell fate determinants remains immune to the DSL ligand on the other cell, and continues to express 
proneural genes, while the other daughter cell activates downstream Notch targets, such as Su(H), and 






Figure 9: Specification of cell fate in the SOP lineage 
Lateral Inhibition is a means of resolving a Notch signaling event such that one cell ends up receiving the 
signal and the other ends up refractory to the signal, even though both cells are originally both signaling 
and competent to receive a signal.  The cell which has less Notch signaling ends up repressing Delta and 
AS-C genes less, thus increasing the differences between the cells’ Notch signaling until two opposite 




Intestinal Stem Cell Niche 
Since Notch signaling is used to differentiate between two cell fates, often those of a stem-like 
cell and its differentiated daughter cell, there are several possible ways this decision might be made. The 
first possibility is that the outcome of the division is a stochastic resolution of lateral inhibition, an arms 
race type situation in which the “loser” cell adopts the fate determined by Notch signaling. This scenario 
would mean that the ISC and EB are in fact equivalent at the moment of division, but one of them is 
maintained as an ISC after being able to produce more DSL ligand than the cell which becomes the EB. 
The other possibility is that the outcome of the ISC division is somehow biased, ensuring that one of the 




employed to ensure asymmetric stem cell divisions by inhibiting the differentiation of the cell adjacent 
to the niche tissue. This maintenance has been found to take the form of a secreted ligand from a niche 
cell, such as the BMP ligand Dpp secreted from the germline stem niche in the Drosophila ovary, which is 
required for the stem cell to remain undifferentiated (Figure 10) (D. Chen & McKearin, 2003; Kirilly & 
Xie, 2007). If such a ligand-mediated niche were operational in the midgut, the EB, being generated 
outside of the required stem cell niche, would be unable to remain stem-like and would by default adopt 
the daughter cell fate as directed by Notch signaling. The Notch signal could be biased by the niche 
signal, by the directed asymmetric allocation of cell fate determinants, such as Numb and Miranda, 
which would serve to inhibit Notch signaling in the ISC (Figure 10) (Bardin, Le Borgne, & Schweisguth, 
2004). 
 In the adult midgut epithelium, as soon as the ISC divides, the resulting pair of ISC and EB both 
have Delta and Notch on their cell membranes but only the EB receives a Notch signal, as visualized by 
NRE reporter activity (Figure 5.B). There are several mechanisms which might be serving to prevent the 
ISC from also receiving a Notch signal. First, it is possible that cis-inhibition is allowing the ISC to remain 
unaffected by the signal from the EB (del Alamo & Schweisguth, 2009; A. C. Miller, Lyons, & Herman, 
2009). Due to the lack of ISC-specific drivers and the very early nature of the Notch signal in the cell fate 
decisions, this possibility remains largely unexplored. A second possibility is that lateral inhibition acts in 
the gut to maintain one cell at each mitosis. Although there is no evidence contradicting this model, 
there is also no strong evidence supporting it. It is possible that the ISC is maintained in this way, but 
there has been no evidence of asymmetrically allocated cell fate determinants, as has been seen in the 








Figure 10: Mechanisms of asymmetric cell division 
In the Drosophila ovary, the GSC lies adjacent to the stromal cap cell. The GSC and cap cell are tightly 
associated with each other, and have adherens junctions comprised of Beta-Catenin/Shotgun (Arm) and 
DE-Cadherin/Shotgun (Shg) between them--a physical contact required for GSCs to maintain their stem 
cell identity (Song, Zhu, Doan, & Xie, 2002). The cap cell secretes the BMP ligands dpp and gbb, which 
are autonomously required by the GSC to maintain repression of downstream differentiation factors 
(Song et al., 2004).  Without these ligands, the GSCs differentiate into cystoblasts, and fertility is lost due 
to the lack of GSCs in the niche. In the SOP division, Notch inhibiting cell fate determinants such as 
Numb and Miranda are unequally distributed towards the basal side of the cell cortex, so the basally 
located daughter inherits more of them than the apical, causing the division and resultant cell fates to 
be determined in a predictable and patterned manner. Figure adapted from Xie, 2013 (stembook.org) 






A third possibility is the presence of an exterior niche signal which biases the outcome of the ISC 
division. Although there is no obvious physical location where the ISCs reside, there is evidence that a 
niche exists (Figure 11). Normally, flies have around 750 ISCs per posterior midgut. When they are 
starved, that  number can drop  by about 30%, but will, upon refeeding, rebound back to the original 
number (L. Wang, McLeod, & Jones, 2011). This result is important because it indicates there is a set 
number of ISCs under normal conditions, and once this number is achieved, it is actively maintained. The 
simplest explanation for this phenomenon is that there are roughly 750 niches along the posterior 




Figure 11: ISC number is loosely fixed 
Upon nutritive restriction or starvation, the ISC number drops to roughly 500 per posterior midgut.  
With food reintroduced, ISC number climbs back to the same levels as before the starvation. This 
indicates that there is a proper number, or a set-point, of ISCs for a healthy gut, and that there is a 






The visceral muscle surrounding the adult Drosophila gut has been shown to be the source of 
Wnt, Egfr, and Stat signals which are required in combination for ISC maintenance (Lin, Xu, & Xi, 2008; 
Xu et al., 2011). These results suggest the muscle is the ISC niche, but it is not clear is if the required 
niche is a particular location on the basement membrane, or if the niche is, in fact, the entire boundary 
with the muscle. In the classical understanding of a stem cell niche, the location is the source of 
stemness, and a daughter cell, when put in that location, in turn becomes a stem cell. If the entire 
muscle is the source of the ISC maintenance signal, then there must be another mechanism negatively 
regulating the number of ISCs in the tissue.  
 
Figure 12: Two possible ISC niche models 
(A) One possible niche is shown as a signal emanating from the basal region, either from muscle or 
trachea, which causes the cell closest to the basement membrane to remain undifferentiated and the 
one further away to lose its stemness. (B) Another possibility is that the polarity set up by the integrins 
adhering the ISC to the basement membrane causes a differential localization of atypical Protein Kinase 
C (aPKC) so that it can act in the ISC division as it does in the SOP divisions to phosphorylate the cell fate 
determinants on the fated Notch receiving cell, allowing the Notch inhibitory cortical factors such as 
Numb and Miranda to travel from the region of aPKC activity to the distal region, allowing the ISC to 
remain unaffected by any Notch back-signal from the EB. These two scenarios are not mutually 
exclusive, and may both be functioning in the intestine to maintain the ISC. Adapted from (Goulas, 






 There is evidence that the Drosophila ISC participates in a directional Notch signal, biased by 
asymmetric distribution of PAR complex proteins (Goulas et al., 2012), which are the same proteins that 
serve to set up the polarization of Numb in the dividing SOP. This suggests that the ISC “knows” its 
identity, possibly because of a niche signal, and does not pass this same identity on to its daughter cells 
(Figure 12).  
The PC serves as a niche for the developing AMPs in the imaginal islands of the larval gut 
(Mathur et al., 2010). This was the first discovery of a progenitor cell creating its own niche, which then 
serves to maintain the progenitor’s identity. In the vertebrate intestine a similar scenario is now known 
to exist between the Paneth cell and the crypt base columnar (CBC) stem cell (Sato et al., 2011). It is 
tempting to speculate that, in the adult Drosophila midgut, the EB serves as a niche for the ISC, but 
there is little evidence to support such a hypothesis. In fact, there are quite a few ISCs which are not 
next to an EB, and yet do not appear to be lost to differentiation, which we would expect for a stem cell 
outside of its niche.  
 
 
Multiple Signaling Pathways Mediate Intestinal Homeostasis 
In Drosophila, ISCs increase their rate of proliferation after damage to the epithelium 
(Amcheslavsky, Jiang, & Ip, 2009; Chatterjee & Ip, 2009) or with age (Choi, Kim, Yang, Kim, & Yoo, 2008). 
In order to understand the biology of the gut fully, it is necessary to quickly review the signaling 
pathways which are involved in ISC proliferation, summarized in Figure 13. 
Wnt signaling controls the rate of proliferation of the ISCs (W. C. Lee, Beebe, Sudmeier, & 
Micchelli, 2009). Wnt signals come from the surrounding muscle and trachea (Buchon et al., 2013; Lin et 





Stat is required for ISC proliferation after damage (Jiang et al., 2009) and for daughter cell 
differentiation (Beebe, Lee, & Micchelli, 2010; Jiang, Grenley, Bravo, Blumhagen, & Edgar, 2011; Lin, Xu, 
& Xi, 2010). The Stat ligands Unpaired1 , 2, and 3 (Upd) are released from ECs and ISCs, causing an 
increase in proliferation (Osman et al., 2012). There is evidence that an increase in Notch signaling with 
age inhibits upd production in the ECs, preventing ISC over-proliferation (Liu, Singh, & Hou, 2010). 
Egfr signaling regulates ISC maintenance and proliferation (Biteau & Jasper, 2011), but is not 
required for differentiation of daughters. (Xu et al., 2011) It also mediates ISC proliferation after damage 
to the epithelium (Buchon, Broderick, Kuraishi, & Lemaitre, 2010; Jiang et al., 2011). The ligands are 
released from the visceral muscle (Jiang et al., 2011), as well as from the epithelial compartment (Xu et 
al., 2011).  
JNK signaling is required for proliferation of ISCs following damage (Buchon, Broderick, 
Chakrabarti, & Lemaitre, 2009). Similarly, the Hippo pathway has also been shown to be a regulatory 
factor required for full proliferative response to injury, mediated through the Stat and Egfr pathways 
(Karpowicz, Perez, & Perrimon, 2010; Ren et al., 2010) 
 
 
Figure 13: A summary of signals which maintain adult midgut epithelial homeostasis 
Upon damage, the ECs activate Hippo signaling, which causes the expression of the Egfr ligands Spitz and 
Keren and the Stat ligand Upd to be released, triggering a proliferative response in the ISC. Wnts and the 
Egfr ligand Vn are released from the visceral muscle to drive proliferation and ISC self-renewal.  Adapted 





A mechanism to restrain proliferation after damage has been repaired has also been identified. 
BMP ligands from the visceral muscle serve to stop the spike in proliferation rates once the tissue has 
regained its proper form (Guo, Driver, & Ohlstein, 2013). 
In addition to changes due to bacterial or xenobiotic damage, advanced age or the presence of 
reactive oxygen species can also have an effect on the epithelium, inducing an increase in ISC-like cells 
and a concomitant increase in ISC proliferation rate (Biteau, Hochmuth, & Jasper, 2008). Pvdf, a VEGF-
like growth factor, has been shown to mediate this change (Choi et al., 2008). 
ISCs can also adjust their proliferative behavior to adapt to changes in feeding amounts and 
nutritive availability (McLeod et al., 2010; O'Brien, Soliman, Li, & Bilder, 2011). Insulin signals have been 
shown to act autonomously (O'Brien et al., 2011) and non-autonomously to drive ISC proliferation (Choi, 
Lucchetta, & Ohlstein, 2011). 
 With so many signaling pathways implicated in the maintenance of the tissue, one wonders at 
the redundancy of the signals. It is likely that the impetus to divide and the outcome of the division are 
mediated by a host of signals interacting in concert to elicit a specific and robust response to the 
conditions at hand. There are relatively few developmental pathways which are used to control 
development and homeostasis of tissues throughout the body, so it makes sense that most signals 







Similarities with the Mouse Intestine 
 Evolution has conserved gut development and structure with remarkable stability, and the 
parallels between fly and mouse intestinal biology are obvious (Figure 15). The guts of these distantly 
related species develop using similar genetic cascades, they contain similar regions and cell types which 
are specified by homologous signaling pathways, and they maintain homeostasis using homologous 
signals. Still, although the mouse intestine shares many aspects of its biology with that of Drosophila, 
there are some differences which must be kept in mind when comparing these two model systems. 
 The vertebrate endoderm is in part specified by the same FOX (Hoodless et al., 2001; Ormestad 
et al., 2006) and GATA (Bossard & Zaret, 1998) classes of transcription factors as in fly. Development of 
the gut initiates in a similar fashion to the fly as well, with a sheet of epithelial cells adhering to the 
underlying mesoderm (Spence, Lauf, & Shroyer, 2011).  
The mouse intestinal epithelium is a sheet of differentiated cells like that of the fly, although 
with a more complex architecture, including apical villi along most of its length interspersed with 
proliferative crypts. There is regionality in the vertebrate gut as in the fly, with different digestive 
processes happening is separate areas. The esophagus/stomach, the small intestine, and the 
colon/rectum have been described as equivalent tissues to the Drosophila foregut, midgut, and hindgut 
respectively (Takashima & Hartenstein, 2012), but there is some reason to debate this classification.  
The entire mouse intestine is derived from endodermal tissue, similar to the fly midgut. Since 
the evolutionary origin of the foregut/crop and the esophagus/stomach are different, they are not 
directly equivalent but rather analogous organs at best. The same argument would hold true for the 
ectodermally derived insect hindgut in relation to the endodermally derived vertebrate colon.  These 
organs, originating from a different tissue layer but serving in similar physiological roles, should not be 
considered homologous but rather functionally analogous. The tissue which is truly homologous to the 




The stomach has historically been thought to be equivalent to the foregut and crop of the fly 
due to the fact that the insect crop expands to store a large meal and also due to their  location near the 
anterior end of the fly gut, but the stomach’s digestive and absorptive capacities are not recapitulated in 
the insect crop. Instead, the copper cell region of the middle midgut (R3) is an acidic pouch with 
secretory and absorptive cells, much like the stomach. Being located in the midgut, this region is 
endodermally derived like the stomach as well. The anterior R3 region also contains large cup-shaped 
cells which strongly resemble the acid-secreting parietal cells of the vertebrate forestomach (Figure 14) 
(Dubreuil, 2004). Based on the origin and function, the vertebrate stomach is more homologous to the 
R3 region of the midgut than it is to the foregut and crop, and will be treated as such for the remainder 
of this discussion.  
 
Figure 14: Comparison of parietal and copper cell morphology 
The vertebrate parietal cell (Left) functions in the stomach epithelium to secrete gastric acid into the 
lumen.  Drosophila copper cells (Right) function to secrete acid into the lumen of the middle midgut 
anterior R3 region. Adapted from (Shanbhag & Tripathi, 2009) 
 
 
The colon acts in an analogous manner to the Drosophila hindgut, as they both regulate water 
and salt balance before passing the digested food on to the rectum to be secreted. There is no evidence 
of any secretory cells in the hindgut, however, unlike the colon. Even though the functionality of the 
tissues is similar, the different origins (endodermal vs. ectodermal) indicates that this is an instance of 
parallel evolution rather than conservation. Based on origin and function, the insect midgut should be 




The cell types present in the vertebrate gut mirror those in the Drosophila midgut, with 
absorptive enterocytes making up the majority of the tissue, and secretory cells a minority, although, 
again, there is more complexity in the vertebrate, with a larger diversity of secretory cell types.   
The mouse intestine has a few additional components to the fly system. There is an enteric 
nervous system comprised of efferent, afferent, and inter-neurons which creates a network of signaling 
throughout the gut. This network of nerves mediates peristalsis and mucosal secretion, and is capable of 
acting without input from the brain or spinal cord (Furness, 2012). There is also a system of blood and 
lymph vessels which infiltrate the tissue, allowing for gas exchange (like the Drosophila trachea) and 
transmission of long-range signals both to and from the gut (like the hemolymph in the fly). 
The epithelial layer turns over rapidly, just as in the fly, and nearly all differentiated cells are lost 
within seven days (Crosnier, Stamataki, & Lewis, 2006).  The epithelial integrity is maintained by the 
activity of ISCs, as in the fly, but mouse daughter cells transit amplify within the crypts before their final 
differentiation. (Casali & Batlle, 2009; Montgomery & Breault, 2008; Scoville, Sato, He, & Li, 2008). There 
are no known transit amplifications in the fly midgut.  
 There are two types of ISCs in the mouse gut: the active crypt base columnar cell (CBC), which is 
marked by Lgr5 expression and located, as its name suggests, at the base of the crypt sandwiched 
between Paneth cells (Barker et al., 2010; Barker et al., 2007), and the quiescent BMI1 marked cell in the 
+4 position of the crypt (+4 cell) (Sangiorgi & Capecchi, 2008; Tian et al., 2011).  There are not known to 
be quiescent stem cells in the fly midgut, although it is quite possible that they exist. The Paneth cell 
acts as the niche of the CBC by secreting ligands for the Wnt, EGF, BMP, and Notch pathways which are 
all required by the ISC for maintenance (Figure 16) (Sato et al., 2011). A similar situation exists between 
the Drosophila larval AMPs and the peripheral cell which secretes a BMP ligand to maintain them. No 





Figure 15: A comparison of the digestive tracts of the fly and the mouse 
 (A) The Drosophila gut is broadly divided into three sections: the foregut, the midgut, and the hindgut. 
Associated organs and structures include the labellum, a chemosensory organ, the cibarium, where food 
is chewed, the crop, which stores large amounts of food, the salivary glands, which release digestive 
juices, the cardia, which serves as a valve and secretes the protective peritrophic membrane, the 
malpighian tubules, which filter the hemolymph and excrete waste near the hindgut, and the rectum, 
where excrement is stored before release. (B) The Mouse digestive tract is also broadly divided into 
three sections named the stomach, the small intestine, and the large intestine. The small intestine is 
then further classified into three regions: the duodenum, jejunum, and ileum. Associated organs and 
structures include the esophagus, which transports food to the stomach, the liver and gall bladder, 
which create and secrete bile into the duodenum, the pancreas, which secretes digestive enzymes as 
well as regulating sugar balance in the body, the caecum, which is thought to aid in digestion of plant 








Figure 16: Overview of the mouse intestinal epithelium 
The intestinal epithelium is formed as a field of apical villi and basal proliferative crypts. As cells are 
made by divisions of the crypt stem cells, they travel into the neck of the crypt where they divide a few 
more times before terminally differentiating into either absorptive ECs or secretory cells. There are four 
types of secretory cells in the mouse intestine: the EEs, Goblet cells, Paneth cells, and tuft cells. The 
tissue is replenished by the activity of stem cells at the base of the crypt (CBCs) which require Wnt and 
Notch signals and BMP antagonists to remain proliferative. Secretory cell differentiation is directed by 
bHLH A proneural factors and EC fate is directed by Hes1, a bHLH R Notch target. Adapted from 







Notch, Wnt, and BMP pathways are all involved in the intricate process of maintaining intestinal 
integrity (Crosnier, Stamataki, & Lewis, 2006; Fodde & Brabletz, 2007; Nakamura, Tsuchiya, & 
Watanabe, 2007), as they are in the fly (Figure 17).  Notch, as in the fly intestine, is required for the 
differentiation of daughter cells, with high Notch signal leading to the formation of absorptive ECs and a 
low level leading to the formation of a secretory cell (Fre, Bardin, Robine, & Louvard, 2011; van Es et al., 
2005). In contrast to the Drosophila model, a Notch signal in the mouse intestine is required to maintain 
the ISC (Fre et al., 2005; Pellegrinet et al., 2011), rather than to cause its differentiation. This 
requirement has been shown to act through the proneural proteins Achaete-scute like 2 and Mouse 
Atonal Homolog 1 (ASCL1 and MATH1) (van der Flier et al., 2009; van Es et al., 2010) 
 
 
Figure 17: Specification of daughter cells by Notch 
Notch signaling is the deciding switch between absorptive and secretory cell fate in both fly and mouse 





Similar to the role which has been identified in Drosophila, Wnt signaling in the mouse intestine 
is required for proliferation of TA cells and for stem cell maintenance (Fevr, Robine, Louvard, & 
Huelsken, 2007). The source of the required Wnt signal is from the epithelial Paneth cell, rather than 
from the muscle, as has been found in the fly (Scoville et al., 2008).  
The BMP pathway has been shown to play an important role in the mouse intestine, as it does in 
the fly. BMP signals inhibit Wnt-induced proliferative effects, and must be inhibited in the crypt 
compartment in order for proliferations to take place among the progenitor cells (Casali & Batlle, 2009). 
This parallels its activity as a proliferation inhibitor in the fly gut. In addition to its role in proliferation 
control, BMP is also required in the mouse for terminal differentiation of the epithelial cells, and acts 
through HH signaling.   
Taken as a whole, the mouse intestine shares a wealth of similarities to the fly midgut in 
structure, function, and genetic determination. Given the relative ease of doing genetic screens and 
making mutants in the fly, it is a very promising system with which to better understand our own gut 






Focus on Enteroendocrine Cells 
Endocrine Overview 
 When an animal eats, there are many changing conditions within the body, and in order to 
maintain postprandial homeostasis there must be a system of sensing those impending changes and 
counteracting their effects on a wide variety of organs. Such a role is fulfilled by the endocrine system 
(Figure 18) which exists in both mouse and fly as a group of tissues or organs, often referred to as 
glands, that help to maintain physiological homeostasis by sensing cues either directly, by a sensory 
receptor, or by relay from another cell via a hormone receptor or a neurotransmitter receptor on the 
endocrine cell surface. The cell then responds to this stimulus by releasing the necessary hormones 
directly into the circulatory system (blood or hemolymph) to send a message to tissues near or far.  
 
Figure 18: Endocrine tissues of the fly and the mouse 
Figure adapted from Sigma Aldrich’s Carcinogen Selector Webpage (http://www.sigmaaldrich.com/life-
science/cell-biology/cancer-research/learning-center/carcinogen-selector/endocrine-system/adrenal-









The function of the endocrine system is quite similar to the function carried out by the 
peripheral nervous system (PNS), with the main differences being the speed of response and the 
pleiotropic effect of the endocrine signal. Sensory nerves in the PNS can sense stimuli either directly or 
indirectly, and transmit information through afferent neurons using neurotransmitter release to span a 
very short-range distance to the receptors on the other side of the synapse. This high speed signal can 
travel through a network of interneurons devoted solely to signaling and reception, and do so in the 
span of milliseconds. The signal is then processed by the central nervous system (CNS) where an 
appropriate response is triggered and transmitted through a specific set of efferent neurons to the 
target organ or muscle. The only region of the body which does not require the CNS to process and 
transmit the response signal is the gut, where the enteric nervous system can drive local peristaltic 
movement without the involvement of the brain or spinal cord (Furness, 2012).  
 Although endocrine signaling is much slower than neural signaling— it can take hours for an 
endocrine signal to travel through the circulatory system before it reaches a distant tissue at a 
concentration which will elicit a response-- hormones are quite potent, and very small concentrations 
can often elicit changes in cell processes as well as gene expression. Additionally, because it reaches 
every tissue in the body which has receptors for that particular molecule, without editing or redirection 
by the CNS, an endocrine signal has the potential to be more wide-reaching than a nerve signal, And 
some hormones have the potential to directly affect transcription in the receiving cell through the 





One of the most well understood endocrine tissues is the vertebrate pancreas. The pancreas is 
comprised of both exocrine and endocrine tissue, and is responsible for producing and secreting insulin 
and glucagon hormones which regulate glucose usage and production, in addition to several other 
hormones including ghrelin, amylin, pancreatic polypeptide, and somatostatin (Rindi, Leiter, Kopin, 
Bordi, & Solcia, 2004). Although less well understood, the intestine represents the largest endocrine 
organ in the body (L. J. Miller, 2009). The scattered gastrointestinal EEs, also referred to as the diffuse 
endocrine system (DES) (V. Hartenstein, Takashima, & Adams, 2010), will be the focus of the discussion 
below.   
 
 
Enteroendocrine Cells  
The modern study of endocrinology began in 1902 with the discovery of the substance (now 
named Secretin) which, when released from the duodenum caused the pancreas to secrete pancreatic 
juices from its exocrine glands {Bayliss, 1902 #369}. Since that time, however, intestinal hormone 
production has been largely understudied due to the scattered nature of the cells throughout the 
intestinal epithelium. We now know that the diffuse endocrine system, comprised of widely scattered 
gastrointestinal enteroendocrine cells (EEs), plays a central role in the maintenance of postprandial 
homeostasis.  
EEs can monitor the luminal contents for nutrients via gustatory receptors on their luminal 
surfaces and respond appropriately (Figure 19). Several enhancer-trap Gal4 driver lines which had been 
inserted near the start site of various gustatory receptors were found to express a reporter GFP 
construct in subsets of EEs (J. H. Park & Kwon, 2011). Gustatory receptors have also been shown to 
function in several types of EEs in the mouse to recognize a wide variety of stimuli, including sugars, 




EEs in the stomach and small intestine use the chemosensory GPCR α-Gustducin in combination 
with sweet-taste receptors to respond to the presence of sugars and fatty acids by secreting Glucagon-
like peptide 1 (GLP-1) (Figure 20) (Jang et al., 2007; Kokrashvili et al., 2009). GLP-1 is an incretin, a 
hormone which has many effects on the body including the increase of insulin production in the 
pancreas (Holst, 2007). By activating the incretin effect, the EEs prepare the body for an influx of glucose 
before the meal is even fully digested.  
 
Figure 19: EEs sense conditions and respond by releasing signaling molecules 
Enteroendocrine cells must be able to sense their environment in order to respond appropriately. EEs 
have chemosensory receptors on their membranes which allow them to sense a wide variety substances 
in the lumen. Additionally, they are able to receive signals from the efferent enteric nerves system and 
transmit signals to afferent nerve fibers. EEs release their hormones into the blood stream, and these 







Figure 20: An example of an EE hormone and its effect on physiology 
This graphic, adapted from (Drucker, 2006), is an example of a human enteroendocrine hormone’s 
effect on the activities of various organs in the body, with the overall effect of maintaining physiological 
homeostasis after a meal. GLP-1 is released from the gastrointestinal EEs directly into the blood stream, 
in which it travels to all parts of the body. It elicits what is referred to as an Incretin effect, increasing 
insulin production, decreasing glucagon production, and driving β-cell proliferation in the pancreas. It 
also causes several other organs to prepare for a heavy glucose load. It causes the stomach to slow 
down its emptying, putting a brake on the speed of the glucose influx. It also increases the insulin 
sensitivity and glucose uptake of the muscle and adipose tissue, and causes the liver to store more 








 There are up to 15 different types of hormones and monoamine neurotransmitters made in the 
mouse EEs which are expressed in a regional manner, such that different parts of the gut are producing 
different sets of hormones (Figure 23). Many of the same signaling molecules are utilized by both 
nervous and endocrine cells, including both peptide hormones (the so-called brain/gut peptides) and 
neurotransmitters such as Serotonin (5-HT) and Histamine.   
Drosophila EEs secrete between 5 and 24 peptide hormones, depending on the assay. By 
antibody staining, five have been definitely shown as co-localizing with enteroendocrine markers (Npf, 
Ast, Ast-C, Dh31, and Tk). By RNA sequencing of the midgut, 10 additional hormones were identified as 
expressed in the tissue (Marianes and Spradling, 2013). By mass spectrometry, 24 peptides from 9 
different pre-prohormones were identified as existing in the midgut {Reiher, 2011 #370}. Only the first 
of these experimental results is definitive evidence that the hormones are made in EEs, since other 
tissues in the region could also be responsible for the transcript or peptide found by sequencing or 
spectrometry. Ilp3, for example, a Drosophila Insulin-like peptide, is expressed in a short stretch of 
circular muscle just posterior of the copper cell region (O'Brien et al., 2011), and Npf is expressed in the 
enteric nervous system (data not shown), but these would both be labeled midgut hormones using RNA 
sequencing or mass spectrometry analysis. 
Peptide hormones are packaged in vesicles for secretion, and the vesicles accumulate in the cell 
in preparation for release. These vesicles, termed Large Dense-Core Vesicles (LDCV), are characteristic of 
any cell which can release peptide hormones, including endocrine cells and neurons. In the midgut 






Figure 21: Secretory cells in vertebrate and insect 
(A) a human goblet cell (B) a human enteroendocrine cell (C) a human enteroendocrine cell (D-E) Three 
examples of Drosophila enteroendocrine cells. EEs are often recognized by the large dense-core vesicles 
which store peptide hormones for release and appear in micrographs as black dots near the basal third 




 The secretory cells are scattered along the length of the Drosophila midgut. Many of these cells 
have been shown by antibody staining or in situ hybridization  to secrete peptide hormones, and thus 
the cells are collectively referred to as enteroendocrine cells (EEs) (Veenstra, 2009; Veenstra, Agricola, & 




large dense core vesicles which likely contain peptide hormones in the basal third of the cell, but some 
of them do not. These cells may represent a different type of secretory cell, more akin to the goblet, 
Paneth, or tuft cell than to the EE, but we have no evidence to say definitively one way or another 
because no reliable antibodies have been found which work in Drosophila. It is known that mucins and 
anti-microbial peptides are produced in the midgut, suggesting the presence of goblet and Paneth-like 
cells, and that transcripts for some of these products are reduced in flies lacking all EEs, suggesting that 
they might be represented in the “enteroendocrine” class of cells in Drosophila. Since this question 
remains unanswered, for simplicity during the ensuing discussion, I will refer to all Prospero-expressing 
cells as EEs. 
In Drosophila, because the tissue is simpler and less convoluted than the vertebrate intestine, it 
may be possible to visually notice patterns which might be obscured by the crypt-villus structure of the 
mouse intestine. We have observed that Drosophila EEs exist as heterologous “pairs” throughout the 
midgut. These “pairs” are not adjacent to one another, but within the same region (within roughly 5 ECs 
distance between them). I call them heterologous because the two cells in a pair do not express the 
same hormones, and there are several other markers that are expressed in only one cell of each pair, 
such as the Sterol Regulatory Element Binding Protein (SREBP) and the signal transducer Disabled (Dab) 
(data not shown). It is not known how the pairs originate and how the existence of a heterologous pair is 
maintained within a given tissue region. It is also not known whether this type of arrangement exists in 
the mouse tissue. It is possible that one cells in such a heterologous pair is a non-hormone producing 
secretory cell, similar to a goblet, Paneth, or tuft cell. Future investigations will more carefully probe the 










Figure 22: Drosophila EEs develop in heterologous pairs in the adult midgut 
In all regions except for R3/Copper Cell Region, Drosophila EEs exist in heterologous pairs that express 
different hormones. Above is pictured a section of the gut labeled with prospero antibody in red and 
Tachykinin (Tk) antibody in green. One cell in each loosely affiliated pair of EEs is negative for Tk.  It is 










Figure 23: Enteroendocrine hormones are expressed regionally.  
Most EEs express more than one hormone, but there is a variation along the A/P axis with different 
hormones expressed in different regions. Anterior is to the left, posterior to the right. Figure adapted 





Chapter 2: Enteroendocrine Function 
Summary 
Enteroendocrine hormones are released from enteroendocrine cells upon stimulus by compounds in the 
lumen or by efferent enteric nerves. They operate in both a paracrine and endocrine manner to affect 
postprandial physiological homeostasis. The physiological phenotype of Ngn3 mutant mice, which lack 
all enteroendocrine cells, is malabsorptive diarrhea, impaired glucose homeostasis, and impaired lipid 
absorption. The individual hormones mediating the various aspects of the phenotype of the Ngn3 mice 
are not known. I used flies lacking all enteroendocrine cells to perform several phenotypic assays. I 
found that flies lacking enteroendocrine cells appear to have a diarrhea-type defect like their mouse 
counterparts, as well as a defect in fertility. Subsequent experiments would be necessary to complete 
the analysis of this question. 
 
Introduction 
 The diffuse endocrine system is the largest endocrine organ in the body. Its cells, the 
enteroendocrine cells, are scattered throughout the epithelium of the stomach and intestine. The 
function of enteroendocrine cells (EEs) is relatively poorly understood. By knocking down a proneural 
transcription factor, I was able to make flies with no EEs. I then began to characterize their phenotype 
using a host of assays. 
The extent of the functions of gastrointestinal EE hormones is beginning to be understood, and 
the lack of EEs has been associated with several pathologies. The near-complete lack of EEs in mice leads 
to intractable malabsorptive diarrhea, and frequent early postnatal lethality (C. S. Lee, Perreault, 




have an altered intestinal epithelial morphology, with a reduction in the length of the villi, fewer 
absorptive ECs, and an increase in the proliferative compartment. The goblet cells, which normally 
produce protective mucus secretions, appear to lack mucus, suggesting the ECs are being lost due to 
damage from coming into unprotected contact with the luminal contents. In addition to epithelial 
differences, these mice also had impaired glucose homeostasis and reduced lipid absorption (Mellitzer 
et al., 2010).  Human children with a reduction in their colonic EEs also present with malabsorptive 
diarrhea (Ohsie et al., 2009), and this pathology has also been associated with a mutation of Ngn3 (J. 
Wang et al., 2006).   
There are doubtless further aspects of the pathology of loss of EEs that have not yet been 
enumerated. I hypothesized that, due to the strong conservation of EE specification and form, the effect 
of the lack of EEs in Drosophila would mirror that of the vertebrate model, and that we might be able to 
use the insect model to more thoroughly investigate aspects of the pathology which have not yet been 
elucidated.  
There are not known to be any non-peptide hormones in Drosophila EEs, but based on my 
microarray results (Table 1) it is possible that chatecholamines are produced in EEs. I performed a gene 
expression analysis by microarray of flies which had no EEs compared to their wild type siblings (see 
chapter 2 for details), and found that transcripts of 8 hormones were reduced with the loss of EEs, as 
well as Tyrosine Decarboxylase 2 (Tdc2), which is required to process the catecholamine 
neurotransmitter Octopamine, the invertebrate functional analog of Norepinephrine.  
The exact relationship between the EE-generated peptide hormones in Drosophila and those in 
the mouse is not well understood. The tiny pre-prohormones which are cleaved and processed to make 
functional neuropeptides are difficult—if not impossible—to analyze for homology with mouse 
hormones based on nucleotide or amino acid sequence alone. To look for homology between peptides, 




and more conserved, than the signaling peptides themselves, and homologous patterns are more easily 
recognized. Using this approach, I identified the homologs or analogs of the 8 peptide hormones (Table 
9) which I identified in the Drosophila midgut by microarray analysis.  
 
Drosophila Peptide Hormone Mouse Peptide Hormone 
Allatostatin C Somatostatin 
Allatostatin   Galanin 
Cch-amide 1 Gastrin Releasing Peptide 
Cch-amide 2 Neuromedin B 
Dh31 Calcitonin 
Neuropeptide F Neuropeptide Y 
Short Neuropeptide F Prolactin Releasing Hormone 
Tachykinin Tachykinin 
Table 1: Proposed Homology between Drosophila and mouse EE hormones 
By analyzing the homology between the conserved domains and the amino acid sequences, the 
receptors for 8 Drosophila neuropeptides were paired with their mouse homologs. It is likely that the 
ligands for the Drosophila receptors are homologous or analogous to the ligands for the mouse 
receptors. Listed above are the ligands and their likely homologs/analogs. 
 
 The effects of the loss of the peptide hormones in Drosophila has not been as thoroughly 
studied, although the effects of the EE-generated peptide hormones which have been identified mostly 
relate to muscle activity.  Npf is thought to inhibit activity of the smooth musculature surrounding the 
gut (Lange & Orchard, 1998), Tachykinin from the gut increases muscle contractions in the heart and 
malpighian tubules (Winther & Nassel, 2001), and Dh31 has been found to mediate peristalsis in the 





Hormone and Serotonin Staining 
To more fully understand the function of the EEs in Drosophila, and possibly to discover some as-yet 
unknown functions in vertebrates, I took advantage of a report (Bardin, Perdigoto, Southall, Brand, & 
Schweisguth, 2010) which found that the proneural gene scute (sc) is required for EEs to be made by the 
ISC. Using the ISC/EB driver esg-Gal4, I drove an RNAi to scute in the stem cell and EB, thereby 
preventing the formation of any EEs in the adult gut, and generating flies free of enteroendocrine cells 
(EE-). I then performed a series of phenotype analyses on the EE- flies and compared them to control 
flies.  These flies are fertile and viable, and can survive as a permanent stock. Confounding the analysis 
of my data, I had very different results with two different wild-type control lines. For one set of 
experiments I used the siblings of the cross which had the CyO balancer rather than the Gal4 driver 
(WT(Cyo)). For another set of experiments, I used parallel crosses, one to the RNAi line and the other to 
the wild type w1118 strain from which the RNAi line was made (WT(w1118)). The results from the first and 
second set of experiments were inconsistent in all but egg laying, oviposition, and stooling.  
Even though sc has been shown not to be required for ISC maintenance (Bardin et al., 2010), we 
do see a gradual loss if ISCs over the course of several weeks in the EE- flies (data not shown). To ensure 
that ISCs are not being completely incapacitated by the RNAi expression, at least in the short term, I 
made marked stem cell clones in the EE- genetic background. These clones were able to grow to a nearly 
normal size, and the daughter cells were able to differentiate into polyploid ECs (Figure 24), suggesting 
that the ISCs are not extremely impaired by the scute RNAi in the genotype, but that proliferation may 





Figure 24: ISCs in EE- flies can divide and make ECs 
In order to test whether stem cells with sc RNAi could proliferate normally, I induced lineage tracing 
marked clones with esg-Gal4, UAS-scIR in the background. At 7 days past clone induction, the RNAi 
background-expressing clones (right) contain viable ISCs and polyploid ECs, just as the wild type clones 
do (left). The RNAi clones were rarer and smaller (data not shown), suggesting there is a reduction in the 
proliferation rate in these guts.   
 
I quantified the proliferative activity of the ISCs by counting the number of cells positive for phospho-
histone H3, a marker for mitotic M phase, in EE- and WT(Cyo) flies, under normal and stressed 
conditions (Figure 25). The guts from EE- and WT(Cyo) flies raised under normal conditions had similar 
low numbers of cells in M phase, suggesting that the ISCs are dividing at a similar rate. I then fed both 
EE-- and WT(Cyo) flies paraquat, Paraquat causes the formation of superoxide in the gut, which damages 
the chromosomes of the ECs and causes them to die at a faster rate (Choi et al., 2008). Under normal 
conditions, the ISCs increase their rate of proliferation in response to this kind of damage. Flies without 
EEs do not exhibit the appropriate response to paraquat. This result, combined with the original 
observation that ISCs diminish in EE-- flies over time, suggest that ISCs in the EE- flies might be normal in 
young flies, but unable to cope with the additional stresses of aging or oxidative damage. This 
phenotype would be interesting to study in more detail as it raises the possibility that EEs are 





Figure 25: Normal proliferative response to paraquat is non-existent in EE- flies 
Paraquat is an insecticide which causes the production of superoxide in the ECs. These reactive oxygen 
species selectively ablate ECs by DNA damage, and the ISCs normally up regulate their proliferation rate 
to replace the lost epithelial cells. In the far left panel, a wild-type gut shows the characteristic 
occurrence of Phospho-Histone H3 in red, a marker for metaphase, upon paraquat damage. The right 
hand panel shows the lack of proliferative response in the EE- guts. The results were quantitated and are 
displayed in the graph on the right, with the number representing the number of cells which stained 
positive for Phospho-Histone H3 in one half of the posterior midgut (n=20). *** indicates a p value of 
less than 0.001 compared to the WT untreated and EE- flies.  
 
 To assess EE- overall viability, I followed a cohort of flies over time to measure survival rate, and 




Figure 26: EE- flies have a shorter lifespan than WT(Cyo) controls and are approximately equally active 
EE- flies have a lower survival rate and roughly 60% of the lifespan of their wild type siblings (A). Their 
24-hour activity rate is identical. In a measure of their activity, each dark vertical line represents 





 It has been reported that lipid absorption is impaired in mice who lack EEs (Mellitzer et al., 
2010), and so I used two methods to gauge lipid accumulation in the fly: First, I stained the guts with Oil 
Red O, which infiltrates lipid droplets and stains them so they can be seen on a white light microscope. I 
observed that the EE- flies had an increase in lipid accumulation in their anterior midgut epithelial cells 
when compared to WT(Cyo) flies (Figure 27). 
  
Figure 27: EE- midguts accumulate lipid in their epithelial cells 
WT(Cyo) guts had much fewer lipid droplets stored in the ECs of the anterior midgut the EE- guts. A 
close-up (right) shows the distribution of droplets, as stained with Oil Red O. 
 
 
 To confirm the apparent difference in lipid accumulation, I measured the triglyceride 
concentration in the flies by colorimetric analysis, finding that EE- flies had significantly more 
triglycerides in their bodies compared to their WT(Cyo) siblings (Figure 29). They are the same size as 
age-matched wild-type controls raised in the same conditions, and the lipid measurement was 
normalized to the protein concentration in the samples to minimize differences due to body size. The 
fact that the gut stained more strongly for lipids, and that the whole body measurements showed more 
triglyceride accumulation, suggested that, as has been reported for the mouse Ngn3 mutants, the EEs 




 To find which EE-specific hormones might be responsible for the changes in lipid accumulation, I 
crossed the 27E08-gal4 driver (Figure 28), which drives expression of UAS-activated genes in all EEs, to 
RNAi constructs for many of the hormones known to be expressed in the midgut EEs. I found that RNAi 
to Ast, CCHa1, and Ddc all yielded a significant increase in triglyceride concentration, and amon RNAi 
very nearly so (Figure 29.D).  
  
Figure 28: An enhancer trap near the ELAV gene drives gene expression in all EEs 
27E08-Gal4, a driver used quite often as a nervous system driver, expresses GFP in every EE in the 
midgut. EEs are co-stained with Prospero antibody, the pan-EE marker gene. It also expresses GFP in the 
enteric nerves which innervate the very anterior and posterior ends of the gut (data not shown).  
 
Upon analyzing the data, I found that all four of those RNAi lines which had an effect on 
triglyceride levels were the only RNAi lines in this experiment which had come from the Vienna 
Drosophila RNAi Center, and the others had all come from the Transgenic RNAi Project at Harvard 
University. These two fly RNAi collections have been built by different labs using different background 
stocks for the fly stocks. Additionally, the scute RNAi, which I had used to make the EE- flies, was also 




of a difference in the background of the flies used, I reran many of the experiments that I had done.  
This time I used a second control line, the WT(w1118) line, which was generated by crossing the 27e08-
Gal4 driver to the w1118 background line that VDRC uses to make its fly stocks, so that all of the flies 





Figure 29: Food intake and triglyceride concentration of WT, EE-, and Hormone RNAi Flies 
Flies without EEs eat the same amount of food as wild type flies, and have roughly the same body mass, 
but, compared to one control, they show significantly elevated levels of triglyceride (TGA) stored in their 
bodies. RNAis to several of the EE-produced hormones were driven in EEs using 27E08-gal4, and the 
results were inconslusive because of the wide difference in the triglyceride levels found depending on 
the control line used for comparison. If I compare the TGA levels of the RNAi-exressing fliues to WT(Cyo), 
many of the hormones appear to have a significant effect. Compared to WT(w1118), however, TGA levels 






Using the WT(w1118) line reversed the apparent increase in triglyceride concentration in EE- flies, 
as well as the lipid droplet accumulation as stained by Oil Red O (data not shown), and using this control 
line actually resulted in a slight—but  significant—decrease in triglyceride measurement in the flies with 
knock-down of several hormones (Figure 29.D). The fact that such varying results were obtained using 
two separate controls on multiple assays was troubling, and methods to avoid such background effects 
in future experiments wil be addressed in the discussion of this chapter.  
 To assess for fertility-associated defects, I evaluated the egg-laying capacity of EE- flies 
compared to both WT(Cyo) and WT(w1118) controls. I found that the EE- flies laid significantly fewer eggs 
than both WT controls, laying about 80% of the egg number laid by WT(Cyo) and about 60% of the 
number laid by WT(w1118).  In an effort to find the hormone responsible for this effect, I used the EE-
driver 27E08-Gal4 to drive RNAi to several EE hormones. None of the RNAi lines I used had a significant 
decrease in egg-laying capacity, but Tk and Tdc2 knockdown did appear diminished, even if not 
significantly so. The variation between samples was widely varying with this batch of flies, and the 
results were inconclusive. 
  During the early stages of the egg-laying assay I unexpectedly noticed that the EE- flies 
appear to have diarrhea (Figure 31), an encouraging parallel with the vertebrate loss of EE phenotype. I 
did not quantify this aspect of the phenotype, but it was a robust and reproducible subjective difference 
in the appearance of the egg-laying plates after 24 hours of fly use. The yeast pile in the middle of the 
plate of the WT(Cyo) or WT(w1118) flies was smooth and, where the grape juice from the agar plate had 
mixed with the yeast paste, displayed a slightly colored rim. The EE- flies invariably produced a very 
rough yeast pile with its surface riddled with deep pits, giving the impression it had been mined or 
drilled.  Surrounding the yeast pile on the plates used by EE- flies, there was an additional wide swath of 
colored soupy purple yeast, and purple yeasty-looking dots all over the surface of the plate (Figure 31). 




could be eating more than WT, and then either excreting more or vomiting it back up. I measured the 
EE- eating behavior using a different type of food, and it is possible they gorge themselves on yeast in 





Figure 30: EE- flies lay fewer eggs than WT 
Over the course of the first 11 days past eclosion, the pattern of egg-laying is clearly different between 
EE- and WT(Cyo) flies (A).  An average of 3-10 days post eclosion shows that EE- flies lay significantly 
fewer eggs compared to both WT controls (B). Several RNAi lines were crossed to the 27E08-gal4 EE 
driver and none tested showed a significant effect on fertility, although Tk and Tdc2 were lower than the 





 When qualitatively evaluating the egg-laying plates, I observed that both WT controls would 
deposit their eggs neatly in, or near, the grooves I had scratched in the plate specifically for that 
purpose, with almost no eggs lying on the flat surface of the agar. The EE- flies, however, did not use the 
grooves, and seemed to lack any positioning preference whatsoever, with eggs lying on the agar as well 
as on the yeast. 
 Although somewhat promising, the results of most these assays were variable, and may be 
ascribed to the very different control lines used. I postponed this line of experimentation for the time 




Figure 31: EE- flies have defects in oviposition and what appears to be defecation 
Two egg-laying plates from WT(Cyo) flies (left) and EE- flies (right). The WT flies (both controls tested) 
mainly oviposit in the four grooves in the agar, with very few eggs left on the horizontal surface or near 
the wet yeast in the center. EE- flies, in contrast, oviposit on the horizontal surface and near the yeast, 








 I analyzed EE- flies with several assays in an attempt to characterize their phenotype. Having 
found widely differing results using two different control lines, the experiments need to be repeated 
under more controlled circumstances to properly assess the phenotype.  
 Physiology and metabolism are extremely complex processes, with inputs from many diverse 
gene products that it is imperative that the fly stocks be reliably identical except for the gene being 
tested. There are several adjustments I would make to my approach.  
 First, in order to do a colorimetric comparison to measure the TGA levels, it is crucial that the 
flies themselves contain identical pigmentation so that the pigments from the body do not artificially 
increase the triglyceride measurement. Since the RNAi flies contain different genetic backgrounds and 
different markers depending upon which collection generated them, the stocks should ideally be from 
the same collection. And, since the RNAi constructs themselves contain w+ or v+ markers (which are 
alleles of an eye pigment gene causing colored eyes in the flies carrying the construct), I would generate 
a control line in the same genetic background with the same marker inserted. While I did remove the 
heads prior to the assay, it is possible some other tissues in the fly are pigmented using the same gene.  
 Second, multi-generational backcrossing of RNAi lines and driver lines with the wild-type stock 
are critical in ensuring a truly homogeneous genetic background. Chromosomes maintained over a 
balancer often accumulate heterozygous-viable mutations which, although undetected, could lead to 
phenotypic differences in the assays. 
 Third, using the balancer lines as controls for any of the work is insufficient—even with 
generations of backcrossing—given  balancer chromosomes do not recombine and no amount of 
backcrossing will cause the balancer to carry the same alleles as the other chromosome.  
 Despite the noise between the control lines, it is overtly clear an egg-laying defect exists in the 




specification throughout the animal, and esg-Gal4 has expression in tissues other than the gut, it is likely 
other tissues besides the gut were affected by the knock down of scute using the esg-Gal4 driver.  To 
continue this line of investigation, it is important to find a genetic driver which has expression solely in 
the gut, and ideally only in the EEs, to express RNAi lines targeting hormones of interest. The driver I 
found with expression in all EEs is an enhancer trap in the ELAV gene. ELAV-gal4 is the classic neuronal 
driver line used in Drosophila, with expression in all neurons. It is possible there is an EE-specific gene 
which is not neuronal, that we could use to knock down gene expression in EEs with confidence that we 
were not also affecting the nervous system.  
 There is evidence one of the EE-specific genes in our microarray data (Chapter 2) is a candidate 
for an EE-specific driver. Niemann-pick type 2c (Npc2c), a gene that encodes a steroid binding and 
processing element, is shown to be 67-fold depleted in EE- flies, and similarly enriched in EE+ flies, with 
a wild-type expression level significantly above that of most EE-specific transcription factors. This gene 
has also been listed as one of the top 50 midgut-specific gene transcripts by the University of Glasgow 
Fly Atlas (flyatlas.org), an online collection of gene expression data. Since Npc2c is such a promising 
candidate for an EE-specific driver, I generated an enhancer trap Gal4 construct using its promoter 
region, and a fly stock is now being generated for use in future experiments. 
 The defecation defect could be a very interesting direction to pursue because of the parallel 
with the human phenotype of malabsorptive diarrhea which has been attributed to a lack of 
gastrointestinal EEs. In order to more thoroughly investigate the defecation defect in the EE- flies, 
several experiments have been planned. The overall mass of excretion will be measured by grouping 
cohorts of 30 flies in a 35mm petri dish containing a removable source of food. After 48 hours in a 
humidified environment, the flies and food source will be removed and the dished reweighed to obtain 
he mass of excretions produced in that period. The water content of the excretions can then be 




themselves can be assessed in a similar manner, by weighing the animals first while alive, and then 
reweighing them after euthanasia and thorough drying.  
 If the EE- flies do have an increase in total excretions, it could be due to malabsorption or to a 
lack of digestive capability. This will be tested using the same assay described above to determine 
whether EE- flies continue to exhibit a diarrhea-like phenotype when fed glucose, free fatty acids, and 
casamino acids only, instead of standard cornmeal food and yeast. If the flies continue to have diarrhea, 
then the symptom is most likely caused by a defect in absorption rather than a defect in digestion.  
 Absorption can be measured using fluorophore-labelled molecules such as dextrans or lipids. 
The absorbance of each type of molecule can be measured by quantifying fluorescence in a dissected 
gut after 24 hours of exposure to a food source containing the fluorescent moiety. Total fluorescence 
levels will be compared between WT and EE- flies to determine if there is a defect in nutrient absorption 
in the mutants.  If a malabsorptive diarrhea is discovered in EE- flies, one could use the EE-Gal4 driver to 
drive RNAi expression of individual hormones or hormone processing enzymes to dissect which 
hormones mediate the effect, using the same assay described above to measure total excretion.  





Materials and Methods 
Fly lines used 
 y, w; esg-Gal4NP5130/CyO (DGRC);  w1118; UAS-scRNAi105951 (VDRC) (Dietzl et al., 2007);  w1118 
(VDRC). All experiments were performed on flies of the following genotypes: y, w/w1118; esg-Gal4NP5130 
(WT) and y, w/w1118; esg-Gal4NP5130/UAS-scRNAi105951 (KD).   
Measurement of Body Mass 
 Flies were weighed in dry vials in batches of 30 age-matched animals on a Mettler-Toledo AB54-
S/FACT scale.  
Analysis of body composition  
Batches of 10 age-matched flies with heads removed were homogenized in 600ul sample buffer 
(20mM Tris pH 8.0, 5% Beta-mercaptoethanol, 20mM NaCl, 0.1% SDS, 0.1% Triton-X-100). Absorbances 
were measured using a 680 Microplate Reader S/N 17753. All triglyceride measurements are reported 
relative to the mean protein levels of the same sample. 
 Protein levels were measured in triplicate using the Bradford assay (Bio-Rad Laboratories). The 
dye was diluted 1:4 in water and then filtered through a 0.45um filter. Dilutions of BSA in buffer were 
used as standards. 10ul of the homogenate was added to 200ul of diluted dye and then samples were 
incubated at 70C for 10 min, vortexing every 2 minutes. Absorbance at 595nm was noted.  
 Triglyceride levels were measured in triplicate using the Infinity Triglyceride Reagent (Thermo 
Scientific). Known dilutions of glycerol (10ng/ml, 100ng/ml, 1000ng/ml) were used as standards. 10ml of 
homogenate was added to 200ul of reagent and samples were incubated at 37C for 15 min in a rotating 
water bath. Absorbance at 540nm was recorded.  
Feeding measurement  
Quantity of food ingested was assayed by a modified CAFE assay (Ja et al., 2007). Groups of 10 




known volume of 5% sucrose, 2% casamino acids. The capillaries were changed every 4 hours, and the 
change in the level of the food was measured with a caliper and recorded. 
Egg laying assay 
 35mm petri dishes were filled with grape agar and stored at 4C until use. Upon use, they were 
scored with four grooves and a dab of wet yeast was placed in the center. Then 1 female and 2 males 
were placed in a bottle inverted over the petri dish and the setup was kept at 25C for 24 hours before 
counting.  
Activity monitoring 
 Individual adults were placed in 5mm plastic tubes with a food plug at one end and set into a 
Drosophila Activity Monitor (Trikinetiks, Waltham MA) for 7 days in a dark incubator at 25C. Each 
vertical black bar represents one hour of movement, with the amplitude of the line representing the 
number of times the fly crossed an infrared beam. 
Viability  
Lifespan was assessed by placing 20 newly-enclosed flies in a vial of molasses food and then 
monitoring survival over time. Flies were flipped onto new food every other day and kept at 25C. 
Transgenics 
Primers sequences are:  
Forward: AATTGCTTTCGGCCAACGGTGC 
Reverse: TCTCGGGGTTTTGGTAGCTGGTT 
The above primers were designed to amplify a 4201 base region of the promoter of Npc2c.The promoter 











Chapter 3:  Specification of Enteroendocrine Cells 
Summary: 
Hormones secreted by the gastrointestinal enteroendocrine cells are important regulators of intestinal 
and organismal function and homeostasis. The development program of these cells, however, is 
relatively poorly understood due to their scattered and varied nature.  Drosophila melanogaster, which 
has enteroendocrine cells scattered throughout its midgut, is a useful model organism to determine the 
factors involved in enteroendocrine specification due to the ease of genetic screening and manipulation 
and a high degree of genetic homology with vertebrate systems. I generated flies entirely lacking 
enteroendocrine cells by knocking down scute expression in the ISC and EB. Using the guts of these flies 
to do a gene expression analysis, I identified 19 potentially EE-specific transcription factors, and these 
genes are being tested by RNAi and by mutant clonal analysis for enteroendocrine defects. The mouse 
homologs of the fly transcription factors were then tested in a limited screen by comparing their 
expression in Ngn3 knockout mice, which lack all EEs, and their wild type siblings. Several possible novel 
mouse enteroendocrine factors were identified from the candidates screened, including Lmx1a and 
Lmx1b. Additionally, several candidates for non-endocrine regulatory factors were identified by the 
analysis, including Ptf1a and Mist1. Mutants for these genes will be investigated for cell type defects. 
 
Contributors: 
Stefanie Gross in Lori Sussel’s lab at Columbia University bred, dissected, and sectioned the Ngn3 KO 
and WT mouse tissue and extracted the RNA for qPCR.  
Nora Szabo in Artur Kania’s lab at Institut de Recherche Clinique de Montreal bred and dissected the 






General Neuronal and Endocrine Specification Paradigm 
 Enteroendocrine cells (EEs) comprise the largest endocrine organ in the body of both mouse and 
fly (Schonhoff, Giel-Moloney, & Leiter, 2004a). Nevertheless, until recently, the study of the specification 
of enteroendocrine cells has been limited by the challenges associated with their scattered nature in the 
intestine. The study of endocrine tissue specification of three other endodermally derived organs, the 
liver, the pancreas, and the airway epithelium, has identified a host of factors which we now know direct 
endodermal endocrine fate (Figure 32).  
EEs also share many characteristics with neurons such as peptide processing, the ability to 
package and secrete signaling molecules, and the existence of specialized processes for sensing and 
signaling. Given these shared characteristics, it is possible to speculate that neural differentiation 
programs may be very similar to endocrine generating programs. Indeed, endocrine cells are thought to 
predate neurons in the evolution of animals, and one could even conceive of neural cells as being a 
derivative of the endocrine type. The neurons develop from the ectoderm, however, so it is not logical 
to assume that they are direct derivatives of endocrine cells. Even so, many of the same genetic 
developmental pathways have been found to play important roles in both neural and endocrine tissues.  
In both endocrine and neural development, Notch plays a central role in cell fate choice. Notch 
signaling is required for pancreas development (Cras-Meneur, Li, Kopan, & Permutt, 2009), but inhibits 
endocrine cell fate (Li, Kapoor, Giel-Moloney, Rindi, & Leiter, 2012), just as it does in the intestine. 
Similarly, Notch signaling in the developing nervous system is used repeatedly in the same lineage to 
differentiate binary cell fates between neural subtypes.  
There are three main classes of transcription factors which have been found to have much 
influence over neural and endocrine development and the generation of neural diversity: the 




(bHLH) proteins.  Known targets of proneural signaling include genes which encourage proliferation of 
the neural precursor cells (D. S. Castro & Guillemot, 2011) 
 
Figure 32: Schematic of transcription factors required for liver and pancreas development 
This graphic, though not exhaustive, displays the major transcription factors which are responsible for 





The Current Understanding of Vertebrate Gastrointestinal Enteroendocrine Specification 
 Many of the genes found to play an important role in the development of other endocrine and 
nervous tissues have also proven to act in gastrointestinal enteroendocrine specification. Again, the 
three predominant classes of transcription factors are involved: HOX, PAX, and bHLH proteins, along 
with inhibition of Notch activity (Figure 4.2). Experiments done in the mouse intestine have shown that 
removal of a Notch signal results in a shift in the balance of cells towards the secretory and progenitor 
fates, and away from the absorptive fate (Fre et al., 2011; Fre et al., 2005). This suggests that a strong 
Notch signal elicits the EC program, whereas a weak or absent signal allows the EE program to occur, 
directed by a proneural cascade and perhaps refined by regionally expressed cofactors. 
 The homeodomain proteins, such as ARX, NKX2.2, NKX6.1, and FOXA1 and 2, are often 
expressed regionally, and in the case of EE specification, they can confer specificity of subtype based on 
their regional expression.   
 The Pax genes are a family of very highly conserved transcription factors which play central roles 
in organogenesis. They are known to be important for the proper development of several organs, 
including the kidney, brain, and pancreas, but they have been most thoroughly studied in relation to eye 
development. Pax6 in particular, as the member of the family most closely related to Pax genes in other 
species, is a central determining factor in many neural cell types such as those in the retina (Shaham, 







Figure 33: Schematic of transcription factors involved in intestinal epithelial cell fate specification, 
with a focus on enteroendocrine diversity  
This graphic is a simplified list of factors which are either known (black), or thought (gray), to be 
required for gastrointestinal EE specification in the mouse. Vertical position on the chart does not 
necessarily correlate to a regulatory relationship between genes, as the relationships for many of the 
pathways are not yet known. It is not clear how many individual EE cell types exist, so cell fates on this 
chart are denoted by the major hormone produced by the cell rather than by a letter coded cell type, as 
has been done traditionally (Helander & Fandriks, 2012). Abbreviations for hormone products: Serotonin 
(5HT), Glucagon (Gcg), Somatostatin (Sst), Ghrelin (Ghrl), Motilin (Mot), Glucagon-like peptide 1 (Glp), 
Peptide YY (Pyy), Secretin (Sec), Cholecystokinin (Cck), Gastric inhibitory peptide (Gip), Neurotensin 
(Nts), Gastrin (Gas), Tachykinin (Tac), and Neuropeptide Y (Npy). Other secretory cell types abbreviated: 
Goblet (Gob), Paneth (Pan), and Tuft (Tuft). Absorptive enterocytes (EC).  Data collected from reviews by 
(Bastide et al., 2007; Gerbe et al., 2011; C. S. Lee & Kaestner, 2004; Schonhoff et al., 2004a; Shroyer, 
Wallis, Venken, Bellen, & Zoghbi, 2005) and studies by the following groups:  (Beucher et al., 2012; C. 
Chen, Fang, Davis, Maravelias, & Sibley, 2009; Gierl, Karoulias, Wende, Strehle, & Birchmeier, 2006; 
Mellitzer et al., 2010; Naya et al., 1997; Oster, Jensen, Edlund, & Larsson, 1998; Ye & Kaestner, 2009) 
(Nkx2.2 data courtesy of Stefanie Gross and Lori Sussel, personal communication. Isl1 data courtesy of 





The bHLH proneural proteins, previously reviewed in Chapter 1, serve to drive the 
differentiation and diversification of neural subtypes. The proneural bHLH gene Math1, the homolog of 
Drosophila Atonal (Ato), is required to specify all vertebrate secretory cells in the intestine, both 
exocrine and endocrine (Yang, Bermingham, Finegold, & Zoghbi, 2001), which is slightly confounding 
from a Drosophila geneticist’s point-of-view because mutant clones have no discernable defect in the 
midgut of the fly (Bardin et al., 2010). Another bHLH protein, Neurogenin3 (NGN3), homologous to the 
Drosophila protein Biparous (Tap) is required for nearly all EEs to be made, with the exception of some 
gastric serotonin producing cells and some gastric ghrelin producing cells (Jenny et al., 2002; C. S. Lee et 
al., 2002; Schonhoff, Giel-Moloney, & Leiter, 2004b). Two other bHLH transcription factors required for 
the differentiation of some subsets of enteroendocrine cell types are NEUROD (Li, Ray, Singh, Johnston, 
& Leiter, 2011) (also homologous to Tap) and MASH1 (Kokubu, Ohtsuka, & Kageyama, 2008) 
(homologous to Drosophila Achaete and Scute).  
 
Generating a diversity of cell types 
Neurons, like enteroendocrine cells, must have a way of adopting diverse cell fates within the 
developing tissue. Such specificity of fate is thought to be achieved by a combinatorial code of 
transcription factors, allowing a relatively small number of factors to specify a much wider range of cell 
fates (Aerts et al., 2010).  Many of the transcriptional complexes which have been found to specify 
neuronal subtypes include proneural bHLH A factors in addition to patterning genes such as a Hox 
proteins. For example, the proneural factors NGN2 and NEUROM, along with the homeodomain 
proteins ISL1 and LHX3, work together to specify motor neurons in the chick neural tube (S. K. Lee & 
Pfaff, 2003). In this situation, illustrated in Figure 34, the co-factor expression range can serve as a 




   
Figure 34: Model for generating a diversity of neural cell fates in the developing brain 
Proneural expression causes neurogenesis, but different transcription factors are required for 
specification of different neuronal cell types, suggesting that proneural genes must have some 
(neurogenic) targets which they can activate in common, and some (cell type specific) targets which are 
only targeted by one particular factor. An additional layer of developmental complexity is conferred by 
proneural transcription factors partnering with separately induced co-factors which determine the fate 
of the cell in play (Powell & Jarman, 2008). 
 
 
 The genetic programs which are used to specify neuronal and endocrine cell fates are strongly 
conserved throughout evolution. In fact, the proneural genes have been found to function in the 
development of the neural cells of animals in phyla ranging from the cnidarians to mammals (Grens, 
Mason, Marsh, & Bode, 1995) Similarly, the role of proneural genes in the development of endocrine 
tissues is represented in all animals from fly to human (Bardin et al., 2010). Because of this conservation, 
we hypothesized that the program of EE specification has not changed significantly throughout the 
evolution of animals, and that future discoveries about how vertebrate enteroendocrine cells are 
generated may be possible using the relatively simple and genetically tractable experimental model 





Drosophila Gene Expression Analysis 
 In an effort to identify novel enteroendocrine-specific genes, and transcription factors in 
particular, I first created flies which either had no EEs (EE-) or too many EEs (EE+), with the aim of 
performing microarrays on their midguts to find EE-specific genes which would be down regulated in the 
EE- guts and up regulated in the EE+ guts.  It had been previously published that scute (sc) is required for 
the specification of EEs, and that asense (ase) is sufficient to induce them (Bardin et al., 2010), so I 
manipulated proneural gene expression in the ISCs in order to drive EB fate either to the EC or the EE.  
 Specifically, the EE+ flies were made by crossing a temperature-inducible esg-Gal4 line to UAS-
ase, and then inducing expression after eclosion. The EE- flies were made in a similar manner, but with a 
constitutively active esg-Gal4 crossed to scIR. A constitutively active driver was used because the 
temperature-inducible driver was insufficient to prevent EE formation. I dissected out the midguts and 
performed three microarray comparisons on two EE- lines made with different scIR lines, and one EE+ 
line, all compared to their balancer-containing wild-type siblings (WT(CyO)).  
 
Figure 35: Prospero antibody shows changes in EE cell number in microarray samples 
Enteroendocrine Cells in midguts stained with the pan-enteroendocrine marker anti-Prospero antibody. 
All pictures taken at 40X. (A) Represents a normal distribution of EEs in the wild-type (WT(CyO)) adult 






 I will refer to gene transcripts enriched in EE+ and depleted in EE- to be “EE-specific”, even 
though there are other possible sources for the genetic differences which will be discussed in Chapter 4. 
We expected genes such as hormones, hormone processing enzymes, and secretion machinery to be 
found in our analysis of EE-specific genes. Indeed, when I compiled a list of all the genes which were at 
least 2-fold up regulated in the EE+ flies and down regulated 2-fold in the EE- flies, all of the known adult 
EE hormones were among the EE-specific transcripts, along with a host of hormone processing and 
secretion genes, and prospero, our EE marker gene. There were several other classes of genes which 




Description of Drosophila EE-specific Transcription Factors 
I initially focused on EE-specific transcription factors because they may represent regulatory genes that 
were necessary for EE fate and I hypothesized that these genes would also be required for EE fate in the 
mouse. Fourteen known transcription factors and five additional genes of unknown function that were 
classified on flybase (www.flybase.org) as “nuclear” were analyzed in more detail, and are listed in Table 
2. Each of the EE-specific genes which were identified in my analysis are likely to be involved in neural 
and/or endocrine development, based on their known function and homology. Many of them are bHLH 
or homeodomain proteins, and some have homologs that are already known to regulate EE specification 




   
Table 2: Classes of EE-specific genes found in microarray analysis 
These gene transcripts were enriched at least 2 fold in the EE++ midguts and at least 2 fold depleted in 
both EE-- midgut samples. In addition to the genes listed below, there were 72 transcripts of unknown 







The Drosophila genes are listed in descending order according to their average fold change. Those listed 
were found to be at least 2 fold enriched in the EE+ microarray data and at least 2 fold depleted in both 
EE- microarrays. . Homologs were identified by consulting Mouse Genome Informatics 
(www.informatics.jax.org). Cells marked Yellow are known to specify or maintain the functionality of 
endocrine or nervous system components in the mouse, and those marked green are known to be 
expressed in vertebrate EEs.  
 
 Five bHLH transcription factors were found to be EE-specific in my screen.  
• The proneural protein achaete (ac) is normally regulated by scute, and vice versa, so the 
knock down of scute would be expected to also knock down achaete in the same cells 
(Martinez & Modolell, 1991). ac and its homologs Ascl1 and Ascl2 regulate neural and 
endocrine cell fates in both fly and mammal, and Ascl1 has been shown to be required for 
the development of some EEs in the mouse stomach (Kobuku et al, 2008), and all secretory 
cells in the zebrafish intestine (Roach et al, 2013). A role in the mouse intestine, aside from 
the stomach, has not been identified. 















tap 16.6 Ngn1 Ngn2  Ngn3       
Fer1 9.7 Ptf1a           
HLHmγ 7.9 Hes2 Hes3 Hes5 Hes6 Hes7   
onecut 7.9 Onecut1 Onecut2 Onecut3       
pros 7.7 Prox1 Prox2         
Vsx2 6.8 Vsx1 Vsx2 Alx1 Alx3     
CG31702 6.7 Rtf1           
dac 5.9 Dach1 Dach2         
CG17181 4.1 Scrt1 Scrt2         
Dbx 4.0 Dbx1           
toy 3.7 Pax6           
tll 3.5 Nr2e1           
dimm 3.3 Mist1           
Dll 3.3 Dlx1 Dlx2 Dlx3 Dlx5 Dlx6   
aly 3.3 Lin 9           
Poxn 3.2 Pax2 Pax5 Pax8       
ac 3.2 Ascl1 Ascl2         
unk 2.7 Unk Unkl         
CG4328 2.5 Lmx1a Lmx1b         




• Target of Poxn (tap) has been shown to be expressed in individual gustatory sensory 
neurons in the legs and wings, and in the developing antennae. It is homologous to the 
mouse gene Ngn3, a transcription factor which is required for the formation of most 
vertebrate endocrine cells, including those in the gut (Gouzi, Kim, Katsumoto, Johansson, & 
Grapin-Botton, 2011; C. S. Lee et al., 2002; Mellitzer et al., 2010). Tap is also homogous to 
NeuroD, which is required for a subset of EEs to be specified (Naya et al., 1997). 
• 48 related 1 (Fer1) is the Drosophila homolog of the mouse gene Ptf1a, a transcription factor 
which is required for proper pancreas development as well as auditory sensory neural 
development. It is known to act cooperatively with onecut and several other transcription 
factors to regulate olfactory neural development (Jafari et al., 2012).  Its function in the 
intestine has not been explored. 
• HLHmγ is an E(spl) transcription factor which is induced by Notch signaling. It is not known 
to play a role in endocrine development, but it does serve in eye development and to 
positively regulate neuroblast proliferation (Berger et al., 2012).  It is homologous to the 
mouse Hes genes which are induced by Notch signaling and serve to repress target genes.  
• dimmed (dimm) regulates peptide hormone transcription in some neuronal and endocrine 
subtypes in Drosophila (Hamanaka et al., 2010; D. Park et al., 2011; D. Park, Veenstra, Park, 
& Taghert, 2008).  Several dimm-gal4 lines have expression in a subset of EEs in the fly (data 
not shown). dimmed is the homolog of Mist1, which is required to specify exocrine cells in 
the pancreas. Its role has not yet been analyzed in the gut, but based on its role in the 
pancreas, it is tempting to speculate that it could be involved in the development of a non-






 Eight of the transcription factors identified are homeodomain containing proteins, several of 
which also contain other conserved domains such as the Paired box domain or the Cut domain.  
• Prospero (Pros) antibody marks all EEs in Drosophila, as well as many neural cell types. It is the 
homolog of mouse Prox1 and Prox2, which are major regulators of neurogenesis in vertebrates. 
Both the liver and pancreas are marked in the embryonic foregut endoderm by their expression 
of Prox1 (Burke & Oliver, 2002). Targets of Prospero include genes which are required for exiting 
the cell cycle and terminal neuronal or endocrine differentiation (Choksi et al., 2006). Prox1 has 
been shown to be oncogenic in the colon (Petrova et al, 2008), and its expression has been 
found to be enriched in some EE subpopulations (Habib et al, 2012). 
• The Visual system homeobox gene (Vsx2) is necessary for visual system development in 
Drosophila. Its homologs Vsx1 and Vsx2 act similarly in vertebrate visual system development 
(Erclik, Hartenstein, Lipshitz, & McInnes, 2008). Another homolog, Alx3, has been shown to act 
in pancreatic β cells to regulate insulin production (Mirasierra & Vallejo, 2006). Its role in the 
intestine has not been investigated. 
• developing brain homeobox (dbx) was identified by its homology to the mouse genes Dbx1 and 
Dbx2. It is induced by Notch signaling in one of a heterologous pair of interneurons (Lacin, Zhu, 
Wilson, & Skeath, 2009). EEs in Drosophila are often found in heterologous pairs, raising the 
interesting possibility that dbx might be specifying one of the types within a pair. It has no 
known role in the intestine. 
• Distal-less (Dll) is most well known as a leg patterning gene, but it has also been shown to be 
expressed in the developing optic lobe and forebrain of the fly (Kaphingst & Kunes, 1994). Its 
mouse homolog, Dlx, regulates Arx, a known EE-specifying transcription factor in mouse (Cobos, 
Broccoli, & Rubenstein, 2005), although the Drosophila homolog of Arx, aristaless (al), did not 




• onecut is a transcription factor which has both a Cut domain and a homeodomain. It is known to 
positively regulate transcription of genes specifically in developing and adult neural tissues, 
including the CNS, PNS, and eyes.  As mentioned earlier, it has been shown to act in combination 
with several other transcription factors, including Fer1, to specify olfactory sensory neuronal 
identity in the developing antennae of the fly (Jafari et al., 2012). Drosophila onecut has three 
mouse homologs, Onecut1, Onecut2, and Onecut3, two of which (Onecut 1 and 2) are known to 
be involved in pancreas and liver development (Nagaki & Moriwaki, 2008; Vanhorenbeeck et al., 
2007), and two of which (Onecut 2 and 3) are expressed in the small intestine and required for 
proper intestinal physiology (Dusing, Maier, Aronow, & Wiginton, 2010).   
• Paired box neuro (Poxn) is a Paired-domain and homeodomain protein which regulates 
neuroblast differentiation in Drosophila. It is homologous to class II vertebrate Pax genes (Pax3, 
Pax5, and Pax8), which are involved in kidney and neural development and in optic nerve 
formation. Pax8 mutants have been shown to have defects in the small intestinal epithelium, 
but its role in enteroendocrine development has not been explored. 
• Twin of eyeless (Toy), another paired-domain and homeodomain transcription factor, is 
homologous to Pax6, a known regulatory factor for vertebrate EE specification (Larsson, St-
Onge, Hougaard, Sosa-Pineda, & Gruss, 1998). In Drosophila, the Pax6::GFP reporter is 
expressed in ISC and EB (Data not shown). 
• CG4328 is a nuclear protein which is has been found to play a role in octopaminergic neural 
differentiation in Drosophila (Henry, Davis, Picard, & Eddy, 2012) and is homologous to the LIM-
domain proteins LMX1a and LMX1b, which are involved in dopaminergic and serotonergic 
neural development, respectively.  LMX1a is also known to regulate insulin transcription in the 
pancreas (German, Wang, Chadwick, & Rutter, 1992). Roles for these genes in intestinal or 





 The remaining six transcription factors which the screen identified as EE-specific are members of 
various other classes of factors.  
• CG31702 is a nuclear protein of unknown function which contains a Plus-3 domain. It is 
homologous to RTF1, a mouse protein which is part of a transcriptional complex (PAF1c) 
required for transcription of Hox genes (Zhu et al., 2005) and Wnt target genes (Mosimann, 
Hausmann, & Basler, 2006). There is no known function in the intestine. 
• dachshund (dac) encodes a transcriptional repressor which is involved in neural development 
and eye and antenna formation. It contains a Ski/Sno domain, and is homologous to the 
vertebrate Dach1 and 2, which are also involved in eye and ear development in the mouse and 
are regulated independently of Pax6 (Hammond, Hanson, Brown, Lettice, & Hill, 1998).  Dach1 
has been found to regulate pancreatic β cell development in the embryo (Kalousova et al., 
2010). Its role in intestinal development has not been investigated. 
• CG17181 is a nuclear protein with a Zn-finger motif, which is homologous to the vertebrate Snail 
family of transcriptional repressors which have been shown to regulate cell adhesion and neural 
migration in the developing nervous and endocrine systems (Gouzi et al., 2011; Velkey & 
O'Shea, 2013). The homolog Scrt1 has been found to be highly expressed in lung 
neuroendocrine tumors (Nakakura et al., 2001), although a role in the intestine has not been 
found. 
• Unkempt (Unk) is a Ring finger protein which has been characterized as being involved with 
ubiquitin-mediated protein degradation (Lores, Visvikis, Luna, Lemichez, & Gacon, 2010) and is 
homologous to the mouse UNK and UNKL putative ubiquitin ligases. It is also thought to serve as 
an insulin-sensitive member of the TOR complex (Glatter et al., 2011).  A role specific to 




• Always early (Aly) is a transcriptional activator which is homologous to LIN9, a tumor suppressor 
that interacts with the Retinoblastoma gene RB1. It has no known activity in the intestine. 
• tailless (tll) encodes a nuclear hormone receptor which is expressed in developing CNS 
neuroblasts. It is homologous to Nr2e1 and Nr2e3 in mouse, which are known to be required for 
eye development (Glatter et al., 2011) , and one of which has been shown to act cooperatively 
with Pax6 to specify CNS neuronal cell fate (Schuurmans et al., 2004; Stenman, Yu, Evans, & 
Campbell, 2003). It has not been determined whether it serves to specify intestinal cells. 
 
It is clear that the genes we identified in our screen are strong candidates for EE fate 
determinants based on their previously implicated roles in the development of other endocrine and 
neural tissues in the fly and the mouse. Also of interest, many of the candidates are known to be eye, 
auditory, and olfactory system genes. It is tempting to speculate that the genetic programs which are 
necessary to drive other organs which sense external conditions and report information using 
neurotransmitter release might be doing the same thing in the intestinal EEs, which also sense external 






Investigating the EE-specific Factors in Drosophila 
 To analyze the function of the candidate EE-determining transcription factors in the fly model, I 
used the ISC/EB driver esg-Gal4 to drive expression of an RNAi to each candidate gene, and then I 
quantified the expression in of each hormone in the midgut using qPCR (Figure 36). The majority of the 
RNAi crosses significantly reduced at least one hormone transcript, suggesting there are multiple 
subsets of enteroendocrine cells which require different combinations of transcription factors to 
become specified to their particular fate, similar to other endocrine specification paradigms. There were 
two genes, tap and pros, that when knocked down with RNAi nearly eliminated all EE hormone 
transcripts tested from the midgut. Neither of these genes has been reported to be required in 
Drosophila for the development of EEs, but tap is a homologue of the mouse gene Ngn3 which is 
required for the specification of most gastrointestinal EEs, suggesting that tap plays a similar role in the 
fly.  pros is not known to be required for gastrointestinal EE specification in the vertebrate model, but it 
does mark presumptive liver and pancreas cells in the foregut endoderm of the mouse embryo (Burke & 
Oliver, 2002), and is known to be important for development and function of the exocrine pancreas 
(Westmoreland et al., 2012). Based on this result, I will be analyzing Prox1 mutant mice for an EE related 
phenotype using regional qPCR analysis for EE markers and hormone transcripts (see Discussion).  
  To confirm the RNAi results, I induced ISC clones of mutants (scheme in Figure 37) for the most 
promising of the Drosophila transcription factors shown in Table 3, and stained them for the EE marker 
Prospero and for several hormones. I will quantify the number of cells which are positive for any of the 
antibodies used, and compare the numbers to those in wild type clones induced under identical 
conditions. I expect to find a reduction in hormone staining throughout the gut in the tap and pros 
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Figure 36: Changes in hormone transcript level upon knock down of transcription factor expression 
A heat map representing the significant changes in RNA levels relative to Rp49. All p values < 0.05. Red 
hues represent a loss of transcript and green represents a gain. Gray represents samples to be tested. 
The 5 published hormones are listed in addition to the 3 which the microarray data suggested were 
expressed in EEs, but unpublished. Also included are Henna (Hn) the homolog of mouse Tph1, and as in 







Screen of Mouse Homologous Genes 
To identify novel regulatory factors for EE specification based on our candidate fly genes, I 
reasoned that I should expand my list of candidate genes beyond the original 19 genes by including the 
transcription factors found in the EE+ sample alone. There were two reasons for this expansion: 1) Since 
EEs make up such a small percentage of the tissue, the loss of a transcription factor, which is expressed 
at a very low level in a rare cell, may not be significantly reduced in the EE- samples, and 2) If another 
cell type in the tissue also expressed the gene in question, its loss would be masked in the EE- samples 
more so than in the EE+ samples, since the magnitude of the change in EE number is greater in the EE+ 
sample.  
Using the list of 19 putative EE-specific transcription factors from all three samples, in addition 
to 52 transcription factors which were enriched at least 2-fold in the EE+ sample alone, I compiled a list 
of 71 Drosophila genes of interest and the 167 mouse homologs to those genes (Table 4). Many of the 
homologous mouse genes on the list, such as Pax6, Pdx1, Ngn3, and Isl1, are already known to play roles 
in EE specification in vertebrates, which was an encouraging sign that our data set might yield new 





Figure 37: Scheme for Generation of Marked Lineage-Tracing Mutant Clones 
One fly has a mutation on the same chromosomal arm as a recombination target site (FRT). The other fly 
has a Gal80 on the same arm with the same FRT site as in the mutant. When these lines are crossed, 
they exist in the same fly. On a different chromosome, Flp recombinase under the control of a heat 
shock promoter and a Tubulin-Gal4 UAS-GFP construct are in the background. When heat shocked, cells 
which are dividing undergo a crossover even catalyzed by the Flp recombinase, and two cells are made, 
one of which has both Gal80 FRTs and the other of which has both mutant FRTs, and no Gal80 to block 
GFP expression. In the midgut, the marked cell is the ISC 50% of the time, and the differentiated 
daughter the other 50% of the time (a transit clone). Marked ISCs will give rise to daughters which are 
also marked, giving us the ability to follow the progeny of a single mutant cell in a heterozygous 
background. Figure from (Wu & Luo, 2006).  
 
Table 4: Putative EE-specific transcription factors and their mouse homologs 
(Below) Those listed below were seen to be enriched in the EE+ microarray. Homologs were identified 
by consulting Mouse Genome Informatics (www.informatics.jax.org). Cells marked Yellow are known to 
specify endocrine or nervous system components in the mouse, and those marked green are known to 




















pdm3 19.4 Pou6f2           
Mef2 17.1 Mef2a Mef2b Mef2c Mef2d     
CG9571 11.1 Foxj1           
Svp 11.1 Nr2f1 Nr2f2 Nr2f6       
HGTX 10.8 Nkx6.2           
Kay 9.3 Fos  Fosb Fosl1 Fosl2     
Rno 8.9 Phf15 Phf16 Phf17       
Hey 7.2 Hey1 Hey2 Heyl       
Hr46 7.1 Rora Rorb Rorc       
Oc 6.9 Crx Otx1 Otx2       
Nub 6.8 Pou2f1 Pou2f3         
Inv 6.3 En1 En2         
Achi 5.6 Tgif1 Tgif2  Tgiflx1 Tgiflx2     
Pb 5.4 Hoxa2 Hoxab2 Pdx1       
Ets21C 5.4 Ets1 Ets2         
Pps 5.2 Dido1 Phf3  Spocd1       
Usf 5.2 Usf1 Usf2         
CG11152 4.9 Foxg1           
Zen 4.7 Hoxc5           
Sna 4.2 Snai1 Snai2 Snai3       
fd59A 4.2 Foxd1 Foxd2 Foxd3 Foxd4     
MED16 4.1 Med16           
Tio 4.1 Tshz1 Tshz2 Tshz3       
Bin 3.8 Foxf1 Foxf2         
Meics 3.7 Zfp358 Zfp575 Zfp768       
Knrl 3.6 Ppara Ppard Pparg       
Ush 3.5 Zfpm1 Zfpm2         
Tbp 3.4 Tbp  Tbpl2         
Salm 3.2 Sall1 Sall2 Sall3 Sall4 Zfp236   
Ara 3.2 Irx1 Irx2 Irx3 Irx4 Irx5 Irx6 
Tup 3.1 Isl1 Isl2         
CG32133 3.0 Paxip1           
Byn 2.9 T Tbx19         
CG32105 2.9 Lhx1 Lhx3 Lhx4 Lhx5     
CG4789 2.8 Rabl3           
CG18599 2.6 Noto           
MBD-like 2.5 Mbd1 Mbd2 Mbd3 Mbd3l1 Mbd3l2   
CG5380 2.5 Polr3f           
Hmx 2.5 Hmx1 Hmx2 Hmx3 Nkx3.2     
MED1 2.4 Cdsn Med1         
zfh1 2.4 Zeb1 Zeb2         
CG3328 2.4 Myrf  Myrfl         
Kn 2.3 Ebf1 Ebf2 Ebf3 Ebf4     
Sgf11 2.3 Atxn7l3a Atxn7l3b       
Spt3 2.2 Supt3h           
Brf 2.2 Brf1           
Pnr 2.2 Gata4 Gata5 Gata6 Lrrc1 Scrib   
MED28 2.2 Med28           
Scm 2.2 Scmh1 Scml2 Scml4       
Ap 2.1 Lhx2 Lhx9         
Ham 2.1 Mecom Prdm16         




Having identified several likely EE-specific transcription factors in the fly, I have attempted to 
translate my findings into the vertebrate model. I have carried out a limited gene expression study on 
the homologs of the transcription factors listed in Tables 3 and 4 in mice with no EEs (Ngn3 knockouts) 
compared to their wild type littermates.  I designed quantitative real-time PCR (qPCR) primers for each 
gene listed (Table 4), and carried out separate qPCR analyses on the stomach, small intestine, and large 
intestine of neonatal (P0) Ngn3 mutant mice (KO), which lack all intestinal EEs, and their wild type 
siblings (WT). Those showing significant changes are listed in Figure 38 below.  
From my mouse screen, I identified five novel potentially EE-specific mouse transcription 
factors: Lmx1a, Lmx1b, En2, Hoxc5, and Nkx6.2.  The entire list of results is presented in Table 4.6 at the 
end of the chapter.  Additionally, in further confirmation of the EE-specificity of Lmx1a and Nkx6.2, their 
transcript levels were significantly reduced in an independent RNA-sequencing gene expression analysis 
of Nkx2.2 intestinal knockouts (Stefanie Gross and Lori Sussel, personal communication).  
  
Figure 38: Genes of interest found in the targeted mouse screen 
(P < 0.05 for all values presented.) The genes from my targeted screen which were significantly reduced 
in KO are listed, ordered from most to least significant in each region. The values are presented as 
relative values to CypB control and relative to wild type levels, using the comparative CT method. Ngn3 
and Pax6 were reduced in all three tissue regions, as expected. Also, Onecut3 and Isl1 were reduced in 
the mutants, as expected. These results suggest that the hypothesized conservation of EE differentiation 
programs is, in fact, the case.  There were several transcripts which were increased in the KO (see Tables 




 I have also identified several genes in the fly which, when knocked down, prevent proper EE 
development or function, but which did not show reduced expression in the Ngn3 knockout mice. These 
genes, including Fer1 (homolog of mouse Ptf1a), dimm (homolog of mouse Mist1), and pros (homolog of 
mouse Prox1 and Prox2), would be worth investigating based solely on their loss of function phenotype 
in the fly. It is possible that a loss of transcript was not detectable in the Ngn3 knockout mice due either 
to high expression levels in other cell types in the sample, or low normal expression levels in rare cells.  
 
Confirmation of Mouse Genes of Interest 
Using antibodies to four of the antigens of interest, I stained sections of Ngn3- and Ngn3+ P0 
intestine. LMX1b staining revealed co-localization with the EE marker CHGA (Figure 39). The staining was 
cytoplasmic, which was unexpected for a transcription factor, but the staining was specific and only in a 
subset of CHGA+ EE cells. Like I have done with LMX1b, I will use an available antibody to stain for 
LMX1a in the mouse intestine. Stainings for NKX6.2, EN2, and HOXc5 have been negative, and these 
genes will not be pursued further unless confirmed by staining or in situ hybridization. 
Lmx1b homozygous mutants die as newborn pups, but we were able to obtain E18.5 stomach 
and intestines from Lmx1b whole-body knock outs and their wild-type siblings.  I performed a cell type 
panel qPCR on the duodenums of these mice, noticed that Nkx2.2, a major regulator of EE formation, 






Figure 39: Lmx1b is expressed in EEs and Lmx1b mutants are slightly deficient for Nkx2.2 
LMX1b can be seen in a subset of CHGA positive EE cells in the mouse intestine (Right). Lmx1b whole-
body knockout mutants were compared to their wild type littermates using qPCR.  
 
 Ptf1a-Cre Rosa-Tomato mice were examined for intestinal expression at 3 weeks of age. 
Heterozygotes showed RFP staining in the entire duodenal epithelium, indicating that Ptf1a is expressed 
in the stem cells in that region of the gut (Figure 40). The expression level was low, but will be confirmed 
with a second reporter line (Ptf1a-Cre, Rosa-LacZ).  As further confirmation of the EE-specificity of Ptf1a, 
expression levels were significantly reduced in an independently conducted gene expression analysis of 





   
Figure 40: Ptf1a-Cre Rosa-Tomato can be detected in the entire duodenal epithelium 
Ptf1a-Cre Rosa-Tomato heterozygous mice were dissected at 3 weeks of age and stained with anti-RFP 
antibody. The tomato label can be detected throughout the epithelium at a low level, indicating that 
Ptf1a may be expressed in the stem cells. (Image courtesy of Stefanie Gross) Anti-RFP is in red, and DAPI 







 I identified nineteen candidates for EE-specification factors in Drosophila using gene expression 
analysis of flies that lacked EEs compared to their wild type siblings. More than half of these candidate 
genes have homologs in the mouse that are known to regulate endocrine specification, either in the 
pancreas or the intestine. It is likely that the genes on the list will indeed prove to be functioning in 
some capacity in the EEs, either for their specification or for their functionality. I have completed many 
of the experiments to analyze the function of the nineteen factors in the Drosophila midgut, and plan to 
conduct further RNAi experiments to determine if the unpublished hormones Ccha1 and Ccha2 change 
in the EE- flies, and also if the neurotransmitter processing enzymes Tdc2 or Hn change with the knock-
down of the transcription factors by RNAi.  
 To confirm the losses of EE fate with the disruption of each transcription factor, I am making 
mutant ISC lineage tracing clones of thirteen of the nineteen EE-specific transcription factors. These 
clones will be stained with antibodies to the EE marker Pros, the hormones Npf, Ast, AstC, Tk, and Dh31, 
and to 5-HT, and the percentage of clones expressing any of these antigens will be quantified. Since 
there are very few reagents available for CG4328, the homolog of Lmx1a and Lmx1b, I will be attempting 





The LIM domain protein LMX1a is the most significant novel candidate which came out of my 
screen. Lmx1b was also significantly altered, but the low level expression of this gene within the mouse 
intestine suggests that it plays a smaller role.  These two genes, together with Isl1, comprise a closely 
related family of LIM and HD containing proteins which have been shown to have roles in the CNS and 
pancreas. LMX1a regulates transcription of the Insulin gene (German et al., 1992), and directs 
dopaminergic neuronal development in the CNS. Specifically, LMX1b and LMX1a have been shown to 
work cooperatively to specify dopaminergic (DA) neurons in the mouse CNS (Deng et al., 2011; Nakatani, 
Kumai, Mizuhara, Minaki, & Ono, 2010; Yan, Levesque, Claxton, Johnson, & Ang, 2011), and Lmx1a has 
been found to be sufficient to induce DA fate when ectopically expressed in human embryonic or 
induced pluripotent stem cells (Friling et al., 2009; Sanchez-Danes et al., 2012).  
Since Lmx1a transcript is reduced so dramatically in two EE-specification mutants (Ngn3 and 
Nkx2.2), this is my primary gene of interest. I am obtaining an LMX1a antibody to try and I will also be 
acquiring Lmx1a-GFP mutant mouse embryos. I will analyze the heterozygotes for GFP localization to 
gauge the expression pattern. If we see expression in the EE or crypt region, we will analyze the 
homozygous mutants using the same qPCR methods described above for Lmx1b analysis.  
Lmx1b is potentially interesting as well, but is expressed at such low levels that it is barely 
detectable in our analyses. We have, however, detected LMX1b in EEs by antibody and genetic assays, 
its expression is significantly reduced in the Ngn3 mutant, and the Lmx1b knockout does appear to have 
a slight EE defect in the duodenum, suggesting it may be playing a role in EE development.   
It is also possible that neither mutation alone will show a strong EE defect. Lmx1a/Lmx1b double 
mutants have a much stronger loss of function in the DA neurons than either mutation does alone, and 
Lmx1a/Lmx1b double mutants will be tested In the event neither mutation shows a strong phenotype 





 The loss of prospero expression in the midgut leads to no detectable EEs. This is slightly 
problematic, because pros is the marker that we use for EE identity, so knocking it down with RNAi or 
removing it in a mutant clone might only be leading to the removal of that marker, not the cell type 
marked by it. I am confident that this is not the case with prospero, however, because the RNAi knock-
down also shows a near-complete loss of hormone transcripts, based on the qPCR results.  
  Because of the extreme phenotype observed with RNAi knockdown of pros and with pros 
mutant clones, as well as on the fact that pros is present in the nucleus of every EE in the fly, I will be 
performing a gene expression analysis on intestinal regions from Prox1 mutants using a similar qPCR 
scheme to the one used with the Lmx1b mutants.  
 
Ptf1a: 
 Ptf1a-Cre mice appear to drive expression of Rosa-tomato in the stem cell, as the entire 
epithelium in the duodenum is positive at 3 weeks of age. These results will be confirmed with a second 
more sensitive reporter line (Rosa-LacZ), and homozygous mutants will be analyzed by qPCR for 
expression of secretory cell type markers. 
 
Mist1: 
 Mice homozygous for Mist1-CreER will be provided by Yoku Hayakawa in Timothy Wang’s lab, 







 The gastrointestinal enteroendocrine cells are a varied cell type, and different transcriptional 
regulatory schemes are required for each type to be generated. In an effort to find novel transcriptional 
regulators of EE specification, I performed a gene expression analysis in Drosophila which yielded 
nineteen strong candidates for EE-specificity. All of these genes are being investigated further in the fly 
to confirm their importance in EE development. 
 Translating my findings into the vertebrate model, I executed a targeted screen of the 
homologous genes in the mouse. Based on the results of the screen, it is likely that Lmx1a and, to a 
lesser extent, Lmx1b play roles in EE specification. Also, based on analysis of mutant phenotypes in 
Drosophila, prospero appears to be important for EE specification. All three of these candidates will be 
investigated in the mouse by analyzing mutant tissue for expression of EE-specific genes.  
 In conclusion, my work thus far has identified novel transcription factors with a potential role in 




Table 5: Primers used for mouse qPCR 
Gene Forward Primer Reverse Primer Size Exon OTP 
3110039M20Rik AGGAAAATCTGCACAGCCCT TCAGCAGCCTTCCGATAACA 64 Y N/A 
Alx1 GACAGCTACCCACAGATCCAG GTAACCACAGAACCACCGCT 65 Y  N/A 
Alx3 ACCCTACCTCCCAGAGCC GGCCTTCTCCTCGGCTTC 118 Y  477 
Ascl1 GAAGCAGGATGGCAGCAGAT CCTCCCCATTTGACGTCGTT 64 Y  N/A 
Ascl2 CGAGGATTTTTCGAGGACGC CGTACCAGTCAAGGTGTGCT 70 Y  N/A 
Atxn7l3a/b TCAGACAAGAACCCTAATTCCCC CGGAGTTGCTAAGTTCCCCA 73 Y N/A 
Bhlha15 AAGCTACGTGTCCTTGTCCC CCCTTCCAACTGGGGATTCG 68 Y  N/A 
Brf1 AACGCACCAGCTATAGACCC GCCTCAAGGCTGTCATGGAT 100 Y N/A 
Cdsn CGGTCTTATTCTGCCAGGAATC TCATTCGGGGAGGTGATCCT 90 Y N/A 
Chrac1 AGGTGTCGAGCATCAACCAG GAACAAAGAGCTCCGTGGC 63 Y  N/A 
Crx.1/2 GTCCCATACTCAAGTGCCCC CGTGCATACACATCCGGGTA 119 Y N/A 
Ctbp1.1/2/3/4 TGCCTACAGGTACCCTCCA CATGAGACAGGGACATGGCA 98 Y 485 
Ctbp2.1 CCACCAGTCAGCCAAAGTCT GGCGGATACTTGGTTCTGGA 115 Y N/A 
Ctbp2.2 ACCCAGGACGAGGGCT TTCAGGAGGTGCAGCTTTGT 64 Y 85 
dach1.1  TGAATTCAAGTGTTGGCAGCAG GGGGGAGAGTGCAGTGTTTC 61 Y  N/A 
dach1.2 AAGTGTTGGACTGGAACTTCCTT GATGCTGGAGGTAGGCTGAC 72 Y  N/A 
dach2.1 GCTGCTATGCAAGCCTGAAC CTGCTACAGCACCCTATCCG 72 Y  N/A 
dach2.2 CGTTGCAAGCTCATCACCAG CTCTTCCTTCTGGCGTTGGT 71 Y  N/A 
Dbx1 TCGGCGCCTAGAAGAGAAAC GAAAGGCGAACGTCTTGGGA 67 Y  N/A 
Dido1.1/2/3 CAGCCTCACAACAACAGGTTT CTCGGGCCTCAGAAATACCC 88 Y N/A 
Dlx1 ACCGGAGGTTCCAACAAACT ATCTTGACCTGCGTCTGTGTG 91 Y  N/A 
Dlx2 CCTCACCCAAACTCAGGTCAA TATCTCGCCGCTTTTCCACA 79 Y  N/A 
Dlx3 CGGGGGATCCTATAGGCAGTA TCCTCTTTCACCGACACTGG 78 Y  N/A 
Dlx5.1 CCAGCCAGCCAGAGAAAGAAG AGTCCTGGGTTTACGAACTTTCT 83 Y  N/A 
Dlx5.2 CCAGCCAGCCAGCTTTCA TCACCTGTGTTTGCGTCAGT 119 N 310 
Dlx6 GGGGACGACACAGATCAACAA CCCCTTTCCGTTGAACCTGA 69 Y  N/A 
Dmrt2 GCAGTGTACCAGAGGCAAGT CGTCATTGGGCGATAACCTTC 75 Y  N/A 
Ebf1 CAAGCATGAATGGCTACGGC ATGGCACAATGGCATAGGGT 102 Y N/A 
Ebf2.1 TCGAAACTTCATCCCGCAGT AGCATCACCTGTTCTTTGCAG 76 Y N/A 
Ebf2.2 TCGAAACTTCATCCCGCAGT TTGGAAGCATCACCTTTGCAG 76 Y N/A 
Ebf3.1/2/3 TGGAAAATGCCACTCCGTGT TATGATCACAGTGGCACCCC 77 Y N/A 
Ebf4 CTCCATGTCGAAGCAGGCTA TTACCACAGCTCTTGCGGTC 120 Y N/A 
En1 GACTGACTCACAGCAACCCC CGTGGACCAGAGGACGGA 81 Y 1650 
En2 GACTCGGACAGCTCTCAAGC GGGACCTGGGACCTGAAGAA 112 Y 2556 
Ets1.1 CAGGACCCTCTCCAGACAGA CGAGTTTACCACGACTGGCT 109 Y N/A 
Ets1.2 TGCCATCAAGCAAGAGGTGT GCCCACTTCCACGACTGG 68 Y N/A 
Ets2 CTTGGCATCCCCAAAAACCC CCGTTCATGCCAAACTGGTG 119 Y N/A 
Fos  TACTACCATTCCCCAGCCGA GCGCAAAAGTCCTGTGTGTT 68 Y N/A 
Fosb  GAAAAGCGAAGGGTTCGCAG GCTGATCAGTTTCCGCCTGA 103 Y N/A 
Fosl1 ATGTACCGAGACTACGGGGAA AAGGTGGAACTTCTGCTGCTG 119 Y 519 




Foxd1 CTTGCCGAGCTCCGTTTCTA CCCTTTAGCCCGGTTAGTCC 113 N N/A 
Foxd2 GACGTGCTCCCTCACGG GAGCAACCTCCCGACTCTTC 86 N 450 
Foxd3 GGAAGGCTGGTGAAGTGAGG TCCTCGACGCTTCTCTACGA 88 N N/A 
Foxd4 CGCCAAAGTCAGTACTGGGA GCGGGCTCTGTTGATGTTTC 120 Y N/A 
Foxf1 GAGCAGCCATACCTTCACCA CGAGGGATGCCTTGCAGTT 62 Y 340 
Foxf2 GCGAGGATCTCTCAGTCGG AGCGGAAGGGTGGAAAGAAG 113 Y 923 
Foxg1.1 GGAAGGCCTCCACAGAACG GTAGCAAAAGAGCTTCCTGCG 107 Y 1606 
Foxg1.2 TCCAGCAGCATCCAAGAAGG TGCTCCTTTTTCCCATTTCACAA 103 N N/A 
Foxj1 CAAGATCACTCTGTCGGCCA ATGGAATTCTGCCAGGTGGG 87 Y N/A 
Gata4 AGCTCCATGTCCCAGACATTC ATGCATAGCCTTGTGGGGAC 97 Y N/A 
Gata5 ACATGAGTTCCGACGTAGCC GTCAGGTACGAAGCTGGTCC 119 Y N/A 
Gata6 GTGCCTCGACCACTTGCTAT CACTGCTGTTACCGGAGCAA 100 Y N/A 
Hes2 CTGCGCAAGAACCTAAAGCC CGGCAATACGAGACCCTTCA 90 Y  N/A 
Hes3 AGCAGACATAGTGATCTCCAAGC CAGTGACACGTTGATGCGTG 67 Y  N/A 
Hes5 CCTGAAACACAGCAAAGCCTTC GTCAGGAACTGTACCGCCTC 108 Y  N/A 
Hes6 GTAGACCATGGCTCCGTCC GGGCTTCCGGGCCTTG 100 Y 355 
Hes7 GGACCAGGGACCAGAACCT GGCTTCGCTCCCTCAAGTAG 87 Y 487 
Hes7 GAGCTGAGAATAGGGACGGC CTCTTCTAGGCTGCGGTTGA 86 Y  N/A 
Hey1 CGCGGACGAGAATGGAAACT TCCGTCTTTTCCTGGCCAAA 86 Y N/A 
Hey2 GCTACAGGGGGTAAAGGCTAC CAAGGCCTTCCACTGAGCTT 118 Y N/A 
Heyl AGGTCTTGCAGATGACCGTG GCATCAAAGAACCCTGTGCC 70 Y N/A 
Hmx1 TCGGCTGCGGAGGTACAA GTCGCTTGTGTCAGGACTTAGA 80 Y 441 
Hmx2 GAGGAAGGTTGGAAGGCTCC TGGGGGTACCCAGGCAAG 109 Y 14 
Hmx3 TCCCAGCGCAGAGGTTTG CCTTTTCCGAGGCTTCTGGTC 120 Y 455 
Hoxa2 TGGATGAAGGAGAAGAAGGCG CAGGGATTCTTTGTGGCCGA 93 Y N/A 
Hoxb2 CAAGAAACCCAGCCAATCCG CAATCCGGGGCCATCTGA 94 Y 1119 
Hoxc5 ATGAGCCACGAGACGGATG CGAGTTCCAGGGTCTGGTAG 67 Y N/A 
Irx1 CCAACTACAGCGCCTTCTTG ATACTGAGAGCCCATCTGCG 68 Y 1324 
Irx2 GGAGGAGAGTTCAGACAAGGC TGTAGACTGATCCCTTCGTCCT 69 Y N/A 
Irx3.1/2 AGAAAAATATCGCTGTAGTGCCTTG AGCGTCCAGATGGTTCTGTG 97 Y N/A 
Irx4 CCTCAGACCTTCTTAGGCCG TGGTGGTCATCAGGAACTGAG 89 Y N/A 
Irx5 TCTCTTACGTGGGCTCTCCC AGAGGTGCTGCATAAGGGTG 79 Y N/A 
Irx6 GAGCAAGGGACTCGAAAGGAA TTGCAGACACCAGAAACTGGG 114 Y N/A 
Isl1 CTGCTTTTCAGCAACTGGTCAAT GCTACCATGCTGTTGGGTGT 115 Y N/A 
Isl2 ACAGCTGGTTTCCTTCTCCG CCATACTGTTGGGGGTGTCC 101 Y N/A 
Lhx1 CTTTGCAGCTACACCCAAGC AACCAGACCTGGATAACACGC 90 Y N/A 
Lhx2 AGAGTCCTCCAGGTCTGGTT GGCATCTGACGTCTTGTCCA 96 Y N/A 
Lhx3 TGGCACAGCAAGTGTCTCAA TTGGTCCCGAAGCGCTTAAA 116 Y N/A 
Lhx4 ACAGCCAAGCAAAACGATGAC GCTTTGCTGTGATGGTGGTC 67 Y N/A 
Lhx5 GTCTCAACTCGGTGTCGTCC TTTGGGGTCGTCCTGTAACG 77 Y N/A 
Lhx9.1/2/3 TTGCCAAGGACGGTAGCATT TCTGCACAGAGAACCTTCTGTAA 60 Y N/A 
Lin 9.1/2 TCTCCCCGATGAAATCCCTCT CGTAACCGCGCTGTAACTTT 60 Y  N/A 




Lmx1b TACGGAAGTAGCGACCCCTT GGAGTCGTTCCCTGGCATTT 63 Y  N/A 
Lrrc1.1/2 CGCGAAACAATTTTTCCAGCTAGT GGACACGTCAAGTTCCACGA 118 Y N/A 
Mbd1 GGAAACGCCGAGAGTCCTTT TCCTGTGGGGCTCTGGTAAT 77 Y N/A 
Mbd2 ACCACCCGAGCAATAAGGTG TCCCAGAAAAGCTGACGTGG 70 Y N/A 
Mbd3 GAAGAAGTGCCCAGGAGGTC TCCCGCTGGGGCTATAGTAA 70 Y N/A 
Mbd3l1 ATTTGAGACTGGCAATAACTGTGG GTCTTGCCCATCTGACTCCT 95 Y N/A 
Mbd3l2 AGCCAGCCTTTGATAGGAAGT TCGGGACAATCTGGGTCTCT 82 Y N/A 
Mecom.1 GTGCCAAGGTTTTCACGGAC GCCTGACGAAGTGGCAAATG 116 Y N/A 
Mecom.2 GGCCACAAGTAATGAGTGTGC TCTGCATCAGCATCTGGCAT 76 Y N/A 
Med1.1/2/3 CCTCAGGACTCAGAGAGGCT CACTCCAAGGTCTGTTCTGGT 85 Y N/A 
Med16.1 GCGGACAGGAGCCAGG CTTGGCCCACTTCTCCCATT 83 Y 247 
Med16.2 GGGGCGGACAGCCAG CATTCGCACACATAGGCCAG 67 Y 135 
Med28 GCCCCGAGACCATCTAACAG GAAGCAAAGCAAGCCTCGAA 68 Y N/A 
Mef2a AATGCCGACAGCCTACAACA CAGAGACAGCATTCCAGGGG 91 N N/A 
Mef2b.1 CTGTACCTGGCGACTGATGG GGCTTCTTGAGGTGCCCAAT 85 Y N/A 
Mef2b.2 CCCGATCTTCTCTCCAAGCC CGCTGTACAGGCTTCTCAGG 110 Y 3118 
Mef2c.1/2 CCACCTCGGCTCTGTAACTG TGCAAGCTCCCAACTGACTG 83 Y N/A 
Mef2d CGCTGTTTCCCGTCGGAG CCTATGCACAGCCTCCAGC 114 Y 139 
Myrf  CCATGCAGGGAGCCAGTTTA ACCGCTGGCGATGACTTATT 87 Y N/A 
Myrfl CGTGATGGCATTTTGTGCCT CTGGCTCTGGAGAGCTTGTC 116 Y N/A 
ngn1 GACACTGAGTCCTGGGGTTC GGTCAGAGAGTGGTGATGCC 70 N N/A 
ngn2 GACATTCCCGGACACACACC TTGACGAACATCCTACGCGG 72 Y  N/A 
ngn3 AGGCTCAGCTATCCACTGCT TGAGGCGCCATCCTAGTTCT 111 Y  N/A 
Nkx3.2 CCAAGGACCTGGAGGAGGA GTGGTCGCCTGAAACGCT 71 Y 330 
Nkx6.2 GCCAAGTGAAGGTGTGGTTC GCTTCTTTTTAGCCGACGCC 84 Y N/A 
Noto GCTCACAGGATCAGAGCTACC GTGCGAACCCTCTTTGTGTG 105 Y N/A 
Npas1 ACACCCCTGAGATTGAAGCC GGACAAAGAAGGACCGCTCT 75 Y  N/A 
Nr2e1 TGTGTCTGCCACTCCTGAAC TTCATGGGGATACTTGGGCG 70 Y  N/A 
Nr2f1 GCTATTCACGTCAGATGCTTGT CTCCAGGGCACACTGTGATT 82 Y N/A 
Nr2f2.1  GACGGGAAGCTGTACAGAGAG GTACGAGTGGCAGTTGAGGG 98 Y N/A 
Nr2f2.2  GAAGATGCAAGCGGTTTGGG GCCTCTCTGTACAGCAAAACCA 61 Y N/A 
Nr2f6 CTTCACGCCTGATGCCTGT TACTGGGCACGCACATACTC 99 Y N/A 
onecut1 GCAGGATTCTAAGAAGAGGGGC AATTTCCAAAAAGGACCCGTGC 92 N N/A 
onecut2 CTGGCAGCATGCAAACGC TCTTCTGCGAGTTGTTCCTGT 61 Y N/A 
onecut3 GAACAAGCGGGACAGTAGCA TGTCCTCTTCGTGTGTGCTC 92 N  N/A 
Otx1 GAGTCCAGAGTCCAGGTTTGG GCCGGGTTTTCGTTCCATTC 85 Y N/A 
Otx2 TCCAGGGTGCAGGTATGGTT AGCTCTTCTTCTTGGCAGGC 109 Y N/A 
Pax1 TCAAACACCGAGAAGGGACC GGCAGTCCGTGTAAGCTACC 85 Y N/A 
Pax2 TCTATCTGCATCGGCCAACC TATCACGACCGGTCACAACG 80 Y N/A 
Pax5 GATGGTGCCTGGGAGTGAAT GGTTGGGGAACCTCCAAGAA 86 Y N/A 
Pax6.1/4 TGAGAAGTGTGGGAACCAGC AAGTCTTCTGCCTGTGAGCC 70 Y N/A 
Pax6.2 CTTCGCTAATGGGCCAGTGA TCAGATCCCTATGCTGATTGGTG 100 Y N/A 




Pax8 CCAGGACACACACTGATCCC GAATCCGACTGGGGTGACTC 62 Y N/A 
Pax9 TCCATCACCGACCAAGGAGT CAATCCATTCACTGCGTGCG 120 Y N/A 
Paxip1 GCCGATGTACACACCTCCTC TTCTCTCCCGTAGTGCCTGT 69 Y N/A 
Pdx1 GTGGGCAGGAGGTGCTTAC TAGGCAGTACGGGTCCTCTT 60 Y 751 
Phf15 CTGCATCCAGTGTTCCATGC TTTCCAGGCCTCGGTCAAAG 74 Y N/A 
Phf16 CAGGGGCTTGTATTCAGTGCT GGTCTTCATTTCCAGGCCGT 89 Y N/A 
Phf17.1/2/3/4 GGCTGCCTGCTGTCTCC CATGTCGTTGACAAGCTGCC 95 Y 185 
Phf3  AAAACGGGAGTCTGGTGAGG CAACTTGCGAAGAGGGGCTA 88 Y N/A 
Pou2f1.1/2 TCAAGATGAGAGTTCAGCCGC ATTGGTTTGTGTGCCTGTGC 118 Y N/A 
Pou2f1.3/4 GGACTGCAGTGACTGTGTTCTA CCATTGGTTTGTGTGCCTGT 105 Y 1487 
Pou2f2.1/2/3/4 CCCCAGAATAAAGCGTCCCC GGGGTCTTCAGCCTTGATCTTG 70/138 Y N/A 
Pou2f3 AGTGGGGATGTCGCTGATTC CGATCATTTCCTGGCTCCACT 68 Y N/A 
Pou6f2 GGCCAGTTAGTCAGCAATCCT GGGACAGGCGTCGGATTTTA 106 Y N/A 
Ppara.1 TGGTGCATTTGGGCGTATCT TGAACTTCAACTTGGCTCTCCT 80 Y N/A 
Ppara.2 CAGCCTCAGCCAAGTTGAAGT ACCAGCCACAAACGTCAGTT 63 Y 279 
Ppard ATGGGACTCACTCAGAGGCT ATGGACTGCCTTTACCGTGG 67 Y N/A 
Pparg.1 TGTGAGACCAACAGCCTGAC TCACCGCTTCTTTCAAATCTTGT 103 Y N/A 
Pparg.2 TGAGCACTTCACAAGAAATTACCAT TGCGAGTGGTCTTCCATCAC 106 Y N/A 
Prdm16.1 GAAGTCACAGGAGGACACGG CAACACACCTCCGGGTATGG 119 Y N/A 
Prdm16.2 TGACCATACCCGGAGGCATA CTGACGAGGGTCCTGTGATG 115 Y N/A 
Prox1 TTTTACACCCGCTACCCCAG TCTGTTGAACTTCACGTCCGA 66 Y N/A 
Prox2 ACTTCTCAGAGTCTGTCCCAGG ATCAACTGCTCCTGGGGTTC 65 Y N/A 
ptf1a CCATCGAGGCACCCGTTC GGAAAGAGAGTGCCCTGCAA 76 Y 911 
Rabl3 GATTGCACAAACCCACGGTC GCCCGGAATCTGATTACCTTCT 120 Y N/A 
Rora GCTTCTAAAAGCAGGCTCGC GGGACTTGAAGACATCGGGG 119 Y N/A 
Rorb.1 TTTGGGTTCTCTGGGGTTCG ATTTGTGCTCGCATGATGTGG 79 Y N/A 
Rorb.2 GACGGCACTGCACAAATTGA AATCCCTTGCAGCCTTCACA 101 Y N/A 
Rorc GCGCCCTGTGTTTTTCTGAG AGGACGGTTGGCATTGATGA 71 Y N/A 
Rtf1 CCGCCTAGAGTTTGTGTCCA GCCAGCAGAAAACATCGCTT 79 Y N/A 
Sall1 GAGGACCAAGCCTCAGGTTC CTCAAACATCAGCCGCTCAC 92 Y 1790 
Sall2.1 TTACCGCTCACTACTCGGGA CGCTAGCATCACCGTTCTCA 105 Y N/A 
Sall2.2 TTGTGTCCTAACCCATCCCG CTCGCTAGCATCACCTCCG 120 Y 770 
Sall3 GGAGCACGGCGTCCC GCACAGCACTTCTCACACAC 99 Y 225 
Sall4.1/2 GAACCCGGTGCTCCAGTG GGCACAGCATTTGTTGCAGA 114 Y 161 
Sall4.3(1/2) GAAGCCCCAGCACATCAACT TGGTACGACCGGGTTCCTC 107 Y N/A 
Scrib GAACTGAGTCCTGAAGGCCC GCTCTAGATTCCGACCCGTG 100 Y N/A 
Scrt1 CAGACCTCGACAGCTCCTAC AGGTATCCTTTATCTTGCAGTCGC 70 Y N/A 
Scrt2 ATCAAAGCGGATGGCTTCCA CCACATAACCGTTGTCCCCC 115 Y N/A 
Snai1 TGTGTGGAGTTCACCTTCCAG GAGAGAGTCCCAGATGAGGGT 117 Y N/A 
Snai2 CACATTGCCTTGTGTCTGCAA AAGAGAAAGGCTTTTCCCCAGT 101 Y N/A 
Snai3 ACTGGAGACACTGAGAGAAGC TGTAGGGGGTCACTGGGATT 111 Y N/A 
Spocd1 TCAGCTACAACGTGGATCGG CATGATGACCCCGGAGAAGG 62 Y N/A 




T ACAGCTCTCCAACCTATGCG ACTCCGAGGCTAGACCAGTT 82 Y N/A 
Tbp  GCACAGGAGCCAAGAGTGAA TAGCTGGGAAGCCCAACTTC 84 Y N/A 
Tbpl2 CTGAACTTTTCCCCGGCCTT ACGCTCTTTGGCACCTGTTA 101 Y N/A 
Tbx19 CTACATTCACCCCGACTCCC AGCATTATCTGCCCACCTCC 111 Y N/A 
Tgif1.1/2/3/4/5 GATTCTGCGAGACTGGCTGT CAGTTACAGACCTGTAGTGTGGA 111 Y N/A 
Tgif2  TACAACGCCTACCCCTCAGA TACATATCTGCAGCACCGAGAG 76 Y N/A 
Tshz1 CGCTCGGCAGCTTACGTT CCGCGTGCTCCTCATCTATT 64 Y N/A 
Tshz2 CGGGCGGCAGGGTATG TGTCATTGCTGCTCTGGTGT 115 Y 66 
Tshz3 AGGATCTGGGGACCACCTAC GTCTTCCGGTGATTTCCCGT 107 N N/A 
Unk GTAATGACATGCAGCAGGCG AAGGGTGGCGGTTCTATGTG 76 Y N/A 
Unkl GAGAAACCAACCCACTACAGGTAT GCTGCAAAAACAGGGAGCAC 67 Y N/A 
Usf1 CCCACCCTTATTCCCCGAAG GTTGAGCCCTCCGTTTCTCA 66 Y N/A 
Usf2 CTGGATCGTCCAGCTTTCCA ATGCCCCCTTTACTTGCTCC 78 Y N/A 
Vsx1 CTGCCATCTGCAGGACCC CTGTCCCCATCCGACGTG 110 Y 771 
Vsx2 CCAGCTCCGATTCCGAAGAT GCCGCTTCTTACGCTTCTTG 87 Y N/A 
Zeb1 TGAGCACACAGGTAAGAGGC GCCGCATGTGCTCAATCAAA 86 Y N/A 
Zeb2 CTGCCATCTGATCCGCTCTT GTTCACCACGTTTTTCCTCCTG 102 Y N/A 
Zfp236 TGCCCGATTCCAAACTTCCA TCACATCGGTGAGGCTTGTC 116 Y N/A 
Zfp358 GCATCGGGTCCTGTTCCAG CTAACCAGAACTGAGCGCCT 68 Y 1246 
Zfp575 GCCCTGCAGGTTTCCCTAAT CCTACTGATGCTGTGTCGCT 77 Y N/A 
Zfp768 GTGCACAGTCCCAACGCA GTTGCCTGCAGGATCTTTGAGA 60 Y 1998 
Zfpm1 ACCGCAGTCATCAACAAGGA CTTGCAGGTTCCGCTCACTA 76 Y N/A 
Zfpm2 CATTGTGTACAGCAAAGGGGG TTCACCCTCTGAGATGGCCT 64 Y N/A 






Table 6: All qPCR results for stomach 
Fly Gene Mouse Transcript WT CT WT SD KO CT KO SD DDCT P-value 
ngn3 tap 12.05 0.93 17.01 1.28 4.96 5.04E-05 
Myrf  CG3328 15.61 0.49 13.41 1.19 -2.20 6.79E-04 
Scrt1 CG17181 15.38 0.89 14.12 0.67 -1.26 7.16E-04 
Pou2f2.1/2/3/4 nub 11.73 0.56 10.55 0.54 -1.18 7.34E-04 
Unkl unk 8.82 0.65 8.00 0.32 -0.82 7.83E-04 
Ets1.1 Ets21C 6.01 0.19 5.58 0.25 -0.43 1.65E-03 
Brf1 Brf 6.45 0.33 5.85 0.28 -0.60 1.66E-03 
Phf15 rno 8.36 0.53 7.27 0.61 -1.09 1.96E-03 
Isl2 tup 10.17 0.39 9.55 0.29 -0.62 3.05E-03 
Dido1.1/2/3 pps 5.30 0.31 4.77 0.30 -0.53 3.70E-03 
Hey2 Hey 7.98 0.29 7.32 0.46 -0.66 3.94E-03 
Mbd1 MBD-like 6.19 0.35 5.64 0.30 -0.55 4.53E-03 
Nkx6.2 HGTX 7.04 0.25 6.51 0.37 -0.53 4.68E-03 
Pparg.1 knrl 5.82 0.64 4.88 0.47 -0.94 4.75E-03 
Isl1 ap, tup 5.69 0.46 5.01 0.34 -0.68 4.96E-03 
Pax6.2 toy 13.97 0.49 16.88 1.22 2.91 6.82E-03 
Pdx1 pb 9.78 0.66 8.76 0.64 -1.02 7.36E-03 
Rorc Hr46 6.17 0.53 5.31 0.58 -0.86 8.29E-03 
Sall1 salm 14.07 0.68 13.00 0.72 -1.06 9.05E-03 
Usf1 Usf 6.20 0.44 5.52 0.46 -0.68 9.42E-03 
Irx2 ara 6.94 0.34 6.29 0.50 -0.65 9.57E-03 
Med16.1 MED16 6.37 0.46 5.72 0.41 -0.65 1.00E-02 
Atxn7l3a/b Sgf11 6.17 0.38 5.54 0.46 -0.63 1.03E-02 
Irx5 ara 5.84 0.49 5.14 0.47 -0.69 1.20E-02 
Pax8 Poxn 16.72 1.19 15.38 0.97 -1.34 1.40E-02 
Hey1 Hey 7.70 0.33 7.11 0.16 -0.59 1.84E-02 
Pou2f3 nub 9.84 0.68 9.07 0.54 -0.77 2.53E-02 
Usf2 Usf 4.14 0.44 3.56 0.49 -0.58 2.64E-02 
Phf3  pps 4.32 0.47 3.69 0.59 -0.63 3.17E-02 
Tshz3 tio 6.78 0.37 6.12 0.30 -0.66 3.33E-02 
Pax6.1/4 toy 14.26 1.24 16.49 2.17 2.23 3.59E-02 
Ets2 Ets21C 4.38 0.46 3.95 0.27 -0.42 4.02E-02 
Nkx3.2 Hmx 12.01 0.62 9.25 3.54 -2.76 4.79E-02 
Snai1 sna 11.65 1.88 10.19 0.43 -1.46 5.14E-02 
Foxf1 bin 3.84 0.46 3.23 0.74 -0.62 6.52E-02 
Mecom.1 ham 4.45 0.23 4.10 0.45 -0.35 6.77E-02 
Pax6.3/5 toy 15.95 0.81 17.61 0.98 1.66 8.72E-02 
Phf17.1/2/3/4 rno 7.63 0.57 7.05 0.36 -0.59 1.31E-01 
ptf1a Fer1 10.90 0.90 10.11 0.07 -0.79 1.32E-01 
Gata5 pnr 9.77 0.16 9.32 0.50 -0.45 1.37E-01 




Ppard knrl 6.57 0.56 5.97 0.45 -0.60 1.45E-01 
Ebf3.1/2/3 kn 9.97 0.34 9.37 0.63 -0.60 1.45E-01 
Hes7 Her, HLHmgamma 15.11 0.81 14.58 0.87 -0.53 1.45E-01 
Lhx4 CG32105 12.54 0.58 11.84 1.14 -0.70 1.46E-01 
Lmx1a CG4328 15.12 1.47 13.86 1.78 -1.25 1.47E-01 
Ebf4 kn 7.34 0.32 6.89 0.45 -0.45 1.53E-01 
Med1.1/2/3 MED1 5.55 0.31 5.11 0.45 -0.44 1.57E-01 
Tbp  Tbp 5.64 0.23 5.39 0.21 -0.25 1.66E-01 
Foxd4 fd59A 15.97 0.66 17.43 1.80 1.45 1.66E-01 
Ebf1 kn 7.60 0.27 7.13 0.54 -0.48 1.67E-01 
Tgif2  achi, vis 6.83 0.48 6.39 0.32 -0.45 1.69E-01 
Hoxb2 pb 9.22 0.60 8.73 0.74 -0.49 1.70E-01 
Irx1 ara 6.96 0.25 6.64 0.58 -0.32 1.72E-01 
Med16.2 MED16 10.44 0.66 9.79 0.52 -0.65 1.76E-01 
Nr2f2.1  svp 3.53 0.43 3.06 0.43 -0.47 1.77E-01 
Pou6f2 pdm3 15.88 0.32 14.50 2.29 -1.37 1.78E-01 
Nr2e1 tll 19.55 2.73 17.41 0.84 -2.14 1.84E-01 
Sall2.2 salm 8.41 1.46 7.66 0.41 -0.75 1.85E-01 
Lrrc1.1/2 pnr 7.36 0.27 6.94 0.50 -0.42 1.87E-01 
dach2.2 dac 11.15 0.85 10.51 0.21 -0.65 1.91E-01 
T byn 14.36 0.44 15.51 2.36 1.15 1.97E-01 
Rorb.1 Hr46 12.33 0.50 11.76 1.08 -0.57 1.98E-01 
Mef2a Mef2 3.71 0.34 3.33 0.42 -0.39 2.01E-01 
Mecom.2 ham 5.86 0.54 5.40 0.42 -0.46 2.26E-01 
Gata6 pnr 4.14 0.30 3.85 0.31 -0.29 2.32E-01 
Dlx6 Dll 11.26 0.92 10.77 0.60 -0.48 2.34E-01 
Prdm16.2 ham 6.46 0.54 6.07 0.31 -0.40 2.45E-01 
Ppara.1 knrl 10.10 0.98 9.45 0.24 -0.65 2.49E-01 
Foxd3 fd59A 11.48 0.82 10.81 1.35 -0.67 2.53E-01 
dach2.1 dac 10.62 0.57 10.06 0.68 -0.56 2.53E-01 
onecut2 onecut 7.68 1.05 6.98 1.26 -0.70 2.68E-01 
Snai2 sna 4.64 0.24 4.41 0.29 -0.22 2.74E-01 
dach1.2 dac 6.92 1.10 6.38 0.80 -0.54 2.76E-01 
Mef2c.1/2 Mef2 5.86 0.10 5.57 0.49 -0.29 2.91E-01 
Mef2b.1 Mef2 17.53 0.65 16.90 0.77 -0.63 2.91E-01 
Mbd3 MBD-like 7.07 0.41 6.69 0.51 -0.37 2.97E-01 
Ets1.2 Ets21C 10.49 0.69 10.07 0.32 -0.43 3.08E-01 
Rtf1 CG31702 /// CG31703 4.54 0.57 4.17 0.38 -0.38 3.11E-01 
Spocd1 pps 16.42 0.71 15.88 1.04 -0.54 3.16E-01 
Cdsn MED1 4.07 1.04 3.41 0.68 -0.66 3.31E-01 
Ascl1 ac 11.19 4.90 9.22 2.52 -1.96 3.31E-01 
Prox1 pros 8.11 0.53 7.77 0.36 -0.34 3.31E-01 




Prdm16.1 ham 8.17 0.63 7.76 0.51 -0.41 3.52E-01 
Sall2.1 salm 14.85 0.72 15.78 1.99 0.92 3.55E-01 
Foxf2 bin 4.34 0.18 4.20 0.22 -0.14 3.64E-01 
Dlx1 Dll 9.51 1.23 9.03 0.75 -0.47 3.69E-01 
Paxip1 CG32133 5.50 0.36 5.17 0.58 -0.33 3.73E-01 
Pax5 Poxn 14.75 0.99 15.41 0.99 0.67 3.78E-01 
Rabl3 CG4789 5.99 0.11 6.15 0.30 0.15 3.81E-01 
Hes5 HLHmgamma 16.51 1.65 15.85 0.99 -0.66 3.85E-01 
Fosl1 kay 15.40 1.05 16.19 2.12 0.79 4.09E-01 
Lhx2 ap 12.29 1.15 12.67 0.54 0.38 4.15E-01 
Scrib pnr 5.18 0.54 4.88 0.42 -0.29 4.20E-01 
Phf16 rno 5.85 0.64 5.54 0.35 -0.32 4.21E-01 
Pou2f1.1/2 nub 5.99 0.27 5.79 0.37 -0.20 4.24E-01 
Tbx19 byn 15.69 0.99 15.21 1.36 -0.48 4.33E-01 
Mef2d Mef2 9.05 3.65 7.89 1.84 -1.16 4.35E-01 
onecut3 onecut 15.75 1.59 15.13 1.37 -0.62 4.39E-01 
Tgif1.1/2/3/4/5 achi, vis 4.74 0.87 4.39 0.06 -0.35 4.55E-01 
Hmx2 Hmx 13.50 1.03 12.99 1.55 -0.51 4.61E-01 
Hmx3 Hmx 13.79 4.46 11.98 1.11 -1.81 4.62E-01 
onecut1 onecut 15.13 1.65 14.61 1.07 -0.52 4.69E-01 
Foxj1 CG9571 12.21 0.45 11.94 0.60 -0.27 5.01E-01 
Tshz2 tio 4.83 0.36 4.65 0.36 -0.18 5.08E-01 
Myrfl CG3328 5.62 0.09 5.47 0.42 -0.15 5.08E-01 
Foxg1.1 CG11152 15.47 0.63 15.20 0.15 -0.27 5.12E-01 
Tshz1 tio 5.22 0.65 4.93 0.59 -0.30 5.25E-01 
Hes6 E(spl), m5, m7, mbeta 11.02 1.89 9.94 2.60 -1.08 5.26E-01 
Snai3 sna 10.90 0.50 11.17 0.67 0.27 5.41E-01 
Hes3 HLHmgamma 18.66 2.16 17.53 2.53 -1.13 5.44E-01 
Rora Hr46 6.39 0.22 6.26 0.35 -0.13 5.64E-01 
Lmx1b CG4328 16.15 1.45 15.74 1.19 -0.41 5.64E-01 
Dlx5.1 Dll 7.11 0.31 7.28 0.47 0.17 5.70E-01 
Dlx5.2 Dll 17.18 1.04 17.73 1.16 0.54 5.77E-01 
Alx1 Vsx2 17.17 0.95 16.77 0.97 -0.40 5.78E-01 
Mef2b.2 Mef2 15.82 0.73 15.55 1.20 -0.28 6.00E-01 
Supt3h Spt3 4.09 0.12 3.87 0.80 -0.22 6.03E-01 
Lhx9.1/2/3 ap 12.26 0.52 12.07 0.54 -0.19 6.32E-01 
En2 inv 17.30 0.52 17.66 1.33 0.36 6.33E-01 
Zeb1 zfh1 4.86 0.37 4.70 0.54 -0.16 6.34E-01 
Sall4.1/2 salm 17.13 0.08 16.64 1.25 -0.49 6.36E-01 
Mist1 dimm 7.95 0.34 7.83 0.37 -0.12 6.55E-01 
Pparg.2 knrl 11.69 0.59 11.87 0.49 0.18 6.59E-01 
Unk unk 6.58 1.06 6.36 1.04 -0.22 6.85E-01 




Lin 9.1/2 aly 6.36 0.44 6.21 0.56 -0.14 7.02E-01 
Nr2f6 svp 3.67 0.14 3.78 0.54 0.11 7.07E-01 
Ppara.2 knrl 8.89 0.72 9.09 0.70 0.20 7.08E-01 
Hoxa2 pb 9.34 3.11 10.10 2.40 0.76 7.13E-01 
Irx3.1/2 ara 6.63 0.33 6.50 0.59 -0.13 7.15E-01 
Pou2f1.3/4 nub 14.78 0.79 14.57 0.86 -0.21 7.52E-01 
Prox2 pros 10.12 0.48 10.04 0.21 -0.08 7.71E-01 
Nr2f2.2  svp 5.09 0.27 5.01 0.49 -0.09 7.73E-01 
Pax9 Poxm 9.71 0.78 9.52 0.98 -0.19 7.78E-01 
ngn2  tap 17.74 1.43 17.53 0.44 -0.22 7.82E-01 
ngn1 tap 16.72 0.67 16.84 0.46 0.12 7.86E-01 
Npas1 dys 14.04 1.43 14.29 1.94 0.24 7.90E-01 
Pax2 Poxn 15.54 0.74 15.44 0.25 -0.11 7.92E-01 
Mbd2 MBD-like 1.93 0.49 1.85 0.28 -0.08 7.97E-01 
En1 inv 17.40 0.60 17.26 0.56 -0.14 8.09E-01 
Hes2 HLHmgamma 12.25 0.96 12.11 0.85 -0.14 8.37E-01 
Ascl2 ac 13.28 1.96 13.54 2.96 0.25 8.43E-01 
Med28 MED28 3.24 0.26 3.27 0.18 0.03 8.46E-01 
Fos  kay 6.33 0.57 6.25 0.44 -0.07 8.48E-01 
Vsx1 Vsx1, Vsx2 18.66 2.04 18.45 2.80 -0.21 8.74E-01 
Otx1 oc 16.58 0.89 16.68 0.66 0.10 8.82E-01 
Sall3 salm 16.83 1.26 16.76 1.05 -0.07 9.24E-01 
Crx.1/2 oc 17.82 0.97 17.75 1.79 -0.07 9.37E-01 
Fosl2 kay 4.66 0.23 4.65 0.28 -0.01 9.47E-01 
Dlx3 Dll 6.29 1.06 6.31 0.51 0.02 9.62E-01 
Nr2f1 svp 4.26 0.40 4.27 0.62 0.01 9.69E-01 
Fosb  kay 11.25 0.49 11.24 0.41 0.00 9.88E-01 
dach1.1  dac 8.14 0.72 8.14 0.37 0.00 9.95E-01 
Hoxc5 zen 6.97 1.74 6.96 1.78 0.00 9.95E-01 
Alx3 Vsx2 16.75 2.30 16.75 1.97 0.00 9.99E-01 
Ebf2.1 kn NP NP 17.15 N/A NP NP 
Ebf2.2 kn 20.93 N/A NP NP NP NP 
Foxd1 fd59A 15.91 1.16 15.33 N/A -0.58 NP 
Foxd2 fd59A 17.88 N/A 18.06 1.35 0.18 NP 
Foxg1.2 CG11152 15.80 N/A 17.02 N/A 1.22 NP 
Gata4 pnr ND ND ND ND ND ND 
Hmx1 Hmx ND ND ND ND ND ND 
Irx4 ara ND ND ND ND ND ND 
Lhx1 CG32105 16.73 1.71 16.17 N/A -0.56 NP 
Lhx3 CG32105 NP NP 18.49 N/A NP NP 
Lhx5 CG32105 ND ND ND ND ND ND 
Mbd3l1 MBD-like ND ND ND ND ND ND 




Noto CG18599 ND ND ND ND ND ND 
Otx2 oc NP NP 18.65 N/A NP NP 
Pax1 Poxm NP NP 17.81 1.23 NP NP 
Polr3f CG5380 ND ND ND ND NP ND 
Rorb.2 Hr46 17.69 1.50 NP NP NP NP 
Sall4.3(1/2) salm 18.95 NP 17.96 0.57 -0.99 NP 
Scmh1 Scm ND ND ND ND ND ND 
Scml2 Scm ND ND ND ND ND ND 
Scml4 Scm ND ND ND ND ND ND 
Tbpl2 Tbp NP NP 14.16 N/A NP NP 
Tgiflx1 achi ND ND ND ND ND ND 
Tgiflx2 achi, vis ND ND ND ND ND ND 
Dbx1 Dbx NP NP NP NP NP NP 
Vsx2 Vsx1, Vsx2 NP NP NP NP NP NP 
Zeb2 zfh1 NP NP NP NP NP NP 
Zfp236 salm NP NP NP NP NP NP 
Zfp358 Meics NP NP NP NP NP NP 
Zfp575 Meics NP NP NP NP NP NP 
Zfp768 Meics NP NP NP NP NP NP 
Zfpm1 ush NP NP NP NP NP NP 






Table 7: All qPCR results for small intestine 
Fly Gene  Mouse Transcript WT CT WT SD KO CT KO SD DDCT P-value 
CG4328 Lmx1a 7.65 0.48 13.46 0.39 5.81 5.27E-13 
toy Pax6.2 12.34 0.64 16.95 0.63 4.61 7.97E-10 
onecut onecut3 12.73 1.13 15.54 0.91 2.81 1.70E-08 
toy Pax6.1/4 11.32 0.64 14.31 0.46 2.99 9.75E-08 
tap ngn3 9.55 0.56 20.32 1.24 10.77 8.60E-06 
CG4328 Lmx1b 16.16 0.78 17.31 0.86 1.15 2.55E-04 
CG32105 Lhx3 17.28 0.70 15.61 0.74 -1.66 3.82E-04 
HGTX Nkx6.2 11.28 0.83 13.17 1.63 1.89 1.06E-03 
ap, tup Isl1 8.57 0.46 11.90 0.94 3.33 2.33E-03 
Poxn Pax2 16.84 0.82 15.09 2.23 -1.75 6.17E-03 
toy Pax6.3/5 15.07 1.58 17.13 0.16 2.06 7.63E-03 
CG9571 Foxj1 11.93 0.89 11.09 0.38 -0.84 8.49E-03 
tap ngn1 16.00 0.45 15.42 0.27 -0.57 9.62E-03 
HLHγ Hes2 8.40 0.77 7.76 0.50 -0.63 1.08E-02 
CG3328 Myrf  4.56 0.30 4.96 0.26 0.40 1.25E-02 
fd59A Foxd2 17.28 0.81 16.35 0.99 -0.93 1.98E-02 
inv En2 16.40 1.09 17.61 1.46 1.21 3.19E-02 
fd59A Foxd4 14.87 1.43 13.78 1.07 -1.10 5.37E-02 
kay Fosb  8.22 1.25 7.02 1.01 -1.20 5.46E-02 
pnr Lrrc1.1/2 4.93 0.09 5.15 0.16 0.22 6.18E-02 
Dll Dlx2 9.69 0.56 9.35 0.48 -0.35 7.01E-02 
salm Sall2.2 7.30 0.47 6.70 0.12 -0.60 8.34E-02 
Dll Dlx1 11.03 0.70 10.74 0.56 -0.30 1.07E-01 
Dll Dlx6 14.87 0.86 15.30 0.58 0.43 1.07E-01 
tup Isl2 8.64 0.22 8.89 0.03 0.25 1.08E-01 
salm Sall4.3(1/2) 16.92 0.24 17.19 0.14 0.27 1.11E-01 
pros Prox2 10.57 0.68 10.25 0.34 -0.32 1.22E-01 
tll Nr2e1 20.93 2.26 17.87 0.78 -3.06 1.33E-01 
HLHγ Hes5 17.48 1.17 16.69 1.34 -0.79 1.46E-01 
ara Irx4 14.18 0.81 14.91 1.09 0.73 1.52E-01 
onecut onecut1 13.61 0.98 13.17 0.69 -0.44 1.54E-01 
pb Pdx1 6.26 0.29 5.99 0.08 -0.27 1.55E-01 
MED16 Med16.1 4.91 0.18 4.73 0.11 -0.18 1.56E-01 
dac dach1.1  8.18 0.31 8.48 0.47 0.29 1.62E-01 
ara Irx1 14.02 0.80 13.02 0.97 -0.99 1.67E-01 
unk Unkl 8.27 0.58 7.94 0.23 -0.32 1.81E-01 
Hey Heyl 6.54 0.41 6.13 0.37 -0.41 1.85E-01 
svp Nr2f1 6.89 0.62 7.57 0.67 0.68 1.87E-01 
dimm Mist1 12.27 0.66 11.83 0.62 -0.44 1.91E-01 
bin Foxf1 3.29 0.36 2.97 0.25 -0.32 2.02E-01 




Hmx Hmx3 10.82 0.56 10.32 0.44 -0.50 2.13E-01 
dac dach2.2 10.06 0.59 10.38 0.37 0.32 2.19E-01 
tio Tshz3 2.78 0.42 2.46 0.09 -0.32 2.22E-01 
bin Foxf2 3.65 0.28 3.42 0.18 -0.22 2.37E-01 
Poxn Pax8 16.57 1.07 15.94 1.98 -0.63 2.53E-01 
ara Irx2 13.31 0.86 12.66 0.59 -0.64 2.67E-01 
CG11152 Foxg1.2 15.19 1.40 14.11 1.09 -1.08 2.74E-01 
kn Ebf1 6.27 0.15 6.08 0.28 -0.20 2.78E-01 
oc Otx1 16.80 0.69 16.14 0.71 -0.66 2.79E-01 
knrl Pparg.2 14.56 0.98 15.17 1.30 0.61 3.00E-01 
kay Fosl2 3.71 0.51 3.59 0.55 -0.11 3.03E-01 
Hr46 Rorb.2 4.15 0.51 3.80 0.35 -0.34 3.16E-01 
salm Sall4.1/2 14.59 0.71 15.05 0.46 0.46 3.19E-01 
Hmx Hmx2 11.76 0.67 11.34 0.40 -0.42 3.26E-01 
salm Sall3 16.43 0.44 16.75 0.79 0.32 3.33E-01 
ap Lhx2 13.30 0.40 13.70 0.65 0.40 3.42E-01 
Fer1 ptf1a 16.67 1.12 17.37 1.07 0.70 3.50E-01 
pps Dido1.1/2/3 4.29 0.78 3.86 0.30 -0.44 3.54E-01 
rno Phf15 5.80 0.81 5.37 0.13 -0.43 3.68E-01 
nub Pou2f1.1/2 4.48 0.93 3.98 0.46 -0.50 3.82E-01 
ap Lhx9.1/2/3 16.09 1.10 15.65 0.87 -0.44 3.90E-01 
MED1 Cdsn 18.11 1.00 17.38 1.05 -0.73 3.94E-01 
CG17181 Scrt2 17.42 0.77 17.70 0.50 0.28 3.97E-01 
ac Ascl2 10.70 1.40 10.54 0.44 -0.16 4.10E-01 
CG32105 Lhx4 14.16 0.33 13.94 0.36 -0.22 4.11E-01 
CG3328 Myrfl 5.12 0.33 4.87 0.46 -0.25 4.20E-01 
CG32105 Lhx1 12.35 0.22 12.52 0.33 0.17 4.21E-01 
dac dach1.2 5.72 0.36 5.83 0.14 0.11 4.24E-01 
CG32133 Paxip1 17.40 0.03 16.95 0.51 -0.45 4.28E-01 
pb Hoxb2 7.83 0.86 7.43 0.26 -0.40 4.32E-01 
Dll Dlx3 10.87 0.70 10.72 0.41 -0.16 4.45E-01 
Vsx2 Alx3 16.75 0.69 16.48 0.68 -0.27 4.51E-01 
svp Nr2f2.2  7.96 0.34 8.14 0.28 0.18 4.52E-01 
Hmx Nkx3.2 6.04 1.06 6.66 1.23 0.62 4.78E-01 
Mef2 Mef2b.2 13.25 0.77 12.93 0.23 -0.32 4.79E-01 
rno Phf17.1/2/3/4 4.84 0.69 4.56 0.17 -0.28 4.80E-01 
Sgf11 Atxn7l3a/b 5.61 0.44 5.33 0.59 -0.28 4.81E-01 
oc Crx.1/2 17.46 0.55 17.17 0.47 -0.29 4.83E-01 
Ets21C Ets1.1 4.23 0.67 3.95 0.29 -0.28 4.85E-01 
Poxm Pax1 17.08 0.69 17.73 1.57 0.65 4.88E-01 
achi, vis Tgif2  5.59 1.07 6.02 0.29 0.43 4.89E-01 
Ets21C Ets1.2 7.51 0.54 7.21 0.63 -0.30 4.92E-01 




E(spl), m5, m7, mβ Hes6 5.92 0.47 6.29 0.50 0.37 5.18E-01 
Hr46 Rorc 5.23 0.62 4.97 0.40 -0.26 5.19E-01 
Hr46 Rorb.1 4.07 0.52 4.27 0.27 0.20 5.22E-01 
pb Hoxa2 7.16 0.49 7.45 1.12 0.28 5.30E-01 
onecut onecut2 3.07 0.72 2.95 0.28 -0.12 5.33E-01 
fd59A Foxd3 11.25 1.46 10.73 0.41 -0.52 5.37E-01 
knrl Ppara.2 10.54 0.90 10.16 0.74 -0.38 5.42E-01 
inv En1 15.67 1.24 15.12 1.18 -0.55 5.43E-01 
fd59A Foxd1 15.01 0.84 15.94 0.51 0.93 5.82E-01 
Hmx Hmx1 18.53 1.74 19.37 1.75 0.85 5.85E-01 
svp Nr2f6 2.29 0.54 2.12 0.24 -0.17 5.89E-01 
Poxn Pax5 15.59 0.93 15.37 0.73 -0.22 6.07E-01 
aly Lin 9.1/2 6.46 0.50 6.53 0.33 0.08 6.11E-01 
pps Phf3  3.14 0.80 2.91 0.31 -0.23 6.17E-01 
Her, HLHγ Hes7 12.97 1.14 12.72 0.57 -0.24 6.24E-01 
salm Sall2.1 14.95 0.83 15.19 0.39 0.24 6.28E-01 
MED16 Med16.2 8.72 0.40 8.59 0.36 -0.13 6.40E-01 
ush Zfpm1 3.85 0.42 3.70 0.45 -0.15 6.45E-01 
dys Npas1 14.23 0.57 14.40 0.83 0.17 6.46E-01 
MBD-like Mbd2 1.11 0.35 0.99 0.15 -0.11 6.47E-01 
nub Pou2f1.3/4 12.10 1.06 11.83 0.32 -0.27 6.53E-01 
Vsx2 Alx1 17.63 0.97 17.91 1.43 0.28 6.61E-01 
Usf Usf1 3.87 0.36 3.86 0.45 0.00 6.78E-01 
Mef2 Mef2c.1/2 5.29 0.73 5.49 0.54 0.20 6.94E-01 
CG11152 Foxg1.1 14.35 0.56 15.21 1.02 0.86 6.95E-01 
ham Mecom.1 4.92 0.35 4.84 0.15 -0.08 7.03E-01 
MBD-like Mbd3 7.32 0.69 7.18 0.19 -0.15 7.04E-01 
Ets21C Ets2 2.17 0.86 2.34 0.20 0.17 7.20E-01 
rno Phf16 4.23 0.85 4.06 0.28 -0.17 7.22E-01 
kn Ebf3.1/2/3 9.22 0.37 9.12 0.35 -0.10 7.23E-01 
Mef2 Mef2b.1 14.51 0.15 14.35 0.80 -0.15 7.35E-01 
nub Pou2f2.1/2/3/4 4.60 0.74 4.46 0.22 -0.14 7.46E-01 
byn T 14.69 0.60 14.84 0.67 0.15 7.47E-01 
ush Zfpm2 4.53 0.57 4.40 0.47 -0.12 7.48E-01 
Hr46 Rora 5.96 0.56 5.86 0.18 -0.10 7.54E-01 
dac dach2.1 10.39 0.43 10.32 0.52 -0.07 7.72E-01 
kn Ebf4 6.43 0.23 6.38 0.23 -0.05 7.75E-01 
CG4789 Rabl3 3.88 0.40 3.81 0.25 -0.07 7.78E-01 
tio Tshz2 2.66 0.45 2.54 0.43 -0.12 7.82E-01 
Vsx1, Vsx2 Vsx1 17.30 4.43 16.84 3.56 -0.46 7.90E-01 
sna Snai3 5.02 0.41 5.10 0.43 0.08 7.95E-01 
Meics Zfp768 5.14 0.70 5.33 1.29 0.19 8.07E-01 




salm Zfp236 4.86 0.45 4.78 0.47 -0.08 8.12E-01 
ara Irx5 9.48 0.72 9.61 0.67 0.12 8.12E-01 
byn Tbx19 16.89 1.79 17.26 0.68 0.36 8.23E-01 
knrl Pparg.1 5.67 0.47 5.78 0.85 0.11 8.24E-01 
MBD-like Mbd1 3.65 0.76 3.56 0.19 -0.09 8.27E-01 
knrl Ppard 5.14 0.80 5.24 0.45 0.10 8.37E-01 
Vsx1, Vsx2 Vsx2 12.57 0.46 12.48 0.69 -0.09 8.40E-01 
pps Spocd1 9.11 0.21 9.06 0.39 -0.05 8.40E-01 
kay Fosl1 12.72 1.81 12.99 3.29 0.27 8.44E-01 
tio Tshz1 10.37 0.93 10.26 0.42 -0.10 8.47E-01 
sna Snai2 2.09 0.59 2.15 0.14 0.06 8.50E-01 
pnr Scrib 4.31 0.10 4.30 0.10 -0.01 8.54E-01 
achi, vis Tgif1.1/2/3/4/5 8.55 0.34 8.60 0.63 0.05 8.57E-01 
MED1 Med1.1/2/3 3.98 0.18 3.96 0.14 -0.02 8.60E-01 
salm Sall1 12.88 0.68 12.80 0.60 -0.08 8.65E-01 
Poxm Pax9 16.85 1.36 16.66 1.51 -0.19 8.70E-01 
unk Unk 5.54 0.57 5.50 0.49 -0.04 8.71E-01 
Hey Hey2 7.72 0.63 7.77 0.18 0.06 8.71E-01 
Usf Usf2 4.79 0.23 4.83 0.34 0.04 8.73E-01 
Mef2 Mef2d 5.42 0.52 5.49 0.69 0.07 8.74E-01 
Spt3 Supt3h 5.49 0.57 5.44 0.17 -0.05 8.75E-01 
CG31702 Rtf1 3.62 0.56 3.65 0.21 0.03 8.78E-01 
HLHγ Hes3 19.49 1.07 19.42 0.72 -0.07 8.87E-01 
pros Prox1 6.18 0.63 6.21 0.55 0.03 8.90E-01 
pdm3 Pou6f2 4.26 0.64 4.30 0.05 0.05 8.92E-01 
ara Irx3.1/2 10.01 0.80 10.06 0.27 0.05 9.07E-01 
Hey Hey1 5.64 0.70 5.68 0.38 0.05 9.15E-01 
Meics Zfp358 11.65 1.16 11.55 1.72 -0.09 9.16E-01 
Meics Zfp575 12.80 4.11 12.59 3.79 -0.21 9.16E-01 
Tbp Tbpl2 19.81 0.69 19.42 0.77 -0.39 9.19E-01 
ham Prdm16.2 4.28 0.34 4.32 0.66 0.04 9.26E-01 
Dbx Dbx1 19.06 0.73 19.01 0.21 -0.04 9.28E-01 
svp Nr2f2.1  3.97 0.66 3.94 0.17 -0.03 9.29E-01 
Tbp Tbp  10.12 0.71 10.09 0.41 -0.04 9.31E-01 
ham Mecom.2 8.35 0.72 8.39 0.41 0.04 9.33E-01 
tap ngn2  17.01 1.60 17.72 2.50 0.71 9.43E-01 
knrl Ppara.1 10.59 4.73 10.75 4.44 0.16 9.46E-01 
Mef2 Mef2a 2.75 0.30 2.74 0.25 -0.01 9.48E-01 
zfh1 Zeb1 3.22 0.30 3.25 0.73 0.02 9.54E-01 
zen Hoxc5 8.37 0.35 8.36 0.23 -0.01 9.55E-01 
ac Ascl1 6.91 0.66 6.90 0.50 -0.01 9.62E-01 
Brf Brf1 4.19 0.23 4.19 0.18 0.01 9.65E-01 




MED28 Med28 2.84 0.45 2.84 0.24 0.00 9.85E-01 
ham Prdm16.1 6.89 0.87 6.88 1.24 -0.01 9.89E-01 
kay Fos  3.55 0.91 3.55 0.66 -0.01 9.90E-01 
sna Snai1 4.50 0.77 4.50 0.29 0.00 9.95E-01 
oc Otx2 4.26 0.39 4.18 0.43 -0.08 9.98E-01 
zfh1 Zeb2 4.59 0.39 4.58 0.51 0.00 9.98E-01 
pnr Gata5 6.35 0.57 6.35 0.59 0.00 9.98E-01 
achi Tgiflx1 ND ND ND ND ND ND 
achi, vis Tgiflx2 ND ND ND ND ND ND 
CG5380 Polr3f ND ND ND ND ND ND 
Scm Scmh1 ND ND ND ND ND ND 
Scm Scml2 ND ND ND ND ND ND 
Scm Scml4 ND ND ND ND ND ND 
CG32105 Lhx5 NP NP NP NP NP NP 
Dll Dlx5.2 NP NP NP NP NP NP 
kn Ebf2.1 NP NP NP NP NP NP 
kn Ebf2.2 NP NP NP NP NP NP 
MBD-like Mbd3l1 NP NP NP NP NP NP 
MBD-like Mbd3l2 NP NP NP NP NP NP 
nub Pou2f3 NP NP NP NP NP NP 





Table 8: All qPCR results for large intestine 
Fly Gene Mouse Transcript WT CT WT SD KO CT KO SD DDCT P-value 
tap ngn3 9.08 0.52 19.38 0.01 10.30 3.47E-05 
toy Pax6.1/4 11.74 0.76 14.52 0.77 2.78 2.14E-03 
zen Hoxc5 10.19 0.65 11.21 0.32 1.02 2.60E-03 
Poxn Pax2 15.93 0.25 14.86 0.27 -1.07 3.33E-03 
kay Fosb  8.74 0.44 6.38 1.57 -2.36 3.47E-03 
CG4328 Lmx1b 14.75 0.61 16.53 0.15 1.78 7.07E-03 
Ets21C Ets1.1 3.62 0.22 3.32 0.16 -0.31 7.24E-03 
sna Snai1 8.68 1.09 7.37 0.53 -1.31 1.17E-02 
CG32105 Lhx3 15.19 0.39 16.08 0.30 0.89 3.36E-02 
Hey Hey2 6.56 0.40 6.98 0.40 0.42 5.43E-02 
ara Irx1 12.55 0.74 11.03 1.82 -1.52 5.66E-02 
aly Lin 9.1/2 5.99 0.30 5.70 0.92 -0.29 6.05E-02 
CG11152 Foxg1.1 15.12 0.86 16.32 0.56 1.19 6.61E-02 
kay Fosl2 3.37 1.15 2.51 0.52 -0.86 8.32E-02 
pps Spocd1 15.04 0.62 14.24 0.52 -0.80 9.82E-02 
tio Tshz1 3.39 0.32 3.75 0.50 0.36 1.15E-01 
kay Fosl1 16.18 2.08 12.58 5.49 -3.60 1.22E-01 
dac dach1.2 4.71 0.65 5.57 0.72 0.85 1.31E-01 
Hr46 Rorb.2 20.11 1.58 16.29 0.57 -3.81 1.58E-01 
Hmx Hmx2 9.87 1.06 8.90 0.40 -0.97 1.64E-01 
Hr46 Rorc 3.87 0.37 4.57 0.78 0.70 1.72E-01 
nub Pou2f3 13.12 1.71 11.60 0.87 -1.52 1.81E-01 
Poxm Pax9 16.20 1.76 14.63 1.05 -1.57 1.86E-01 
Ets21C Ets2 1.44 0.24 1.06 0.43 -0.38 1.86E-01 
ush Zfpm2 6.28 0.18 6.56 0.30 0.28 1.89E-01 
nub Pou2f1.1/2 5.28 0.40 5.62 0.23 0.34 2.08E-01 
pps Phf3  3.42 0.71 3.99 0.11 0.56 2.10E-01 
kn Ebf4 5.04 0.23 5.37 0.40 0.33 2.13E-01 
sna Snai3 11.00 0.56 10.35 0.74 -0.65 2.13E-01 
tap ngn1 14.75 0.92 15.56 0.72 0.81 2.19E-01 
dimm Mist1 9.82 0.82 9.10 0.70 -0.72 2.32E-01 
dac dach2.2 10.24 0.52 10.90 0.82 0.66 2.32E-01 
fd59A Foxd3 8.02 1.36 7.02 0.65 -1.00 2.49E-01 
knrl Ppara.2 7.28 0.35 8.33 1.50 1.05 2.59E-01 
kay Fos  4.41 0.66 3.13 1.85 -1.28 2.67E-01 
svp Nr2f2.2  7.31 0.38 7.70 0.53 0.39 2.78E-01 
knrl Pparg.1 5.01 0.95 5.66 0.42 0.64 2.81E-01 
ap, tup Isl1 7.83 1.09 8.69 0.96 0.86 2.84E-01 
ara Irx2 12.95 1.31 11.46 2.14 -1.50 2.87E-01 
HLHγ Hes5 14.97 0.93 14.18 0.99 -0.79 2.87E-01 




byn Tbx19 13.38 1.04 12.68 0.60 -0.70 2.98E-01 
MED28 Med28 2.83 0.15 3.02 0.28 0.18 3.13E-01 
CG4789 Rabl3 4.98 0.18 5.20 0.34 0.22 3.16E-01 
CG3328 Myrf  7.92 0.69 8.52 0.84 0.60 3.18E-01 
HGTX Nkx6.2 15.13 0.85 14.48 0.85 -0.65 3.20E-01 
ac Ascl2 9.66 0.66 10.10 0.46 0.44 3.20E-01 
salm Sall3 16.22 0.72 14.84 2.31 -1.39 3.23E-01 
pnr Lrrc1.1/2 5.71 0.24 5.99 0.45 0.28 3.26E-01 
Vsx2 Alx1 15.44 1.24 16.24 0.68 0.80 3.27E-01 
Mef2 Mef2a 2.35 0.39 2.59 0.20 0.24 3.31E-01 
Hmx Hmx3 8.29 0.71 7.79 0.65 -0.50 3.34E-01 
nub Pou2f1.3/4 12.25 1.29 12.99 0.35 0.74 3.37E-01 
oc Otx1 15.10 0.79 15.80 0.65 0.70 3.43E-01 
Hr46 Rorb.1 9.10 0.41 8.84 0.26 -0.25 3.44E-01 
ara Irx5 12.74 0.91 11.32 2.48 -1.42 3.46E-01 
knrl Ppara.1 7.95 0.79 9.05 1.91 1.10 3.46E-01 
Poxn Pax5 11.84 0.80 12.85 1.75 1.00 3.54E-01 
ham Prdm16.2 7.39 0.65 7.87 0.70 0.47 3.59E-01 
Usf Usf1 3.91 0.23 4.05 0.15 0.14 3.62E-01 
onecut onecut3 14.69 1.07 16.09 2.62 1.40 3.79E-01 
ap Lhx9.1/2/3 15.08 0.82 14.60 0.62 -0.48 3.92E-01 
Dll Dlx1 7.96 0.52 7.67 0.36 -0.30 3.92E-01 
dac dach1.1  7.50 0.97 8.01 0.42 0.50 3.94E-01 
Hr46 Rora 5.79 0.61 6.09 0.12 0.30 3.96E-01 
fd59A Foxd4 16.46 2.90 14.67 0.68 -1.78 4.00E-01 
Poxn Pax8 17.59 0.78 16.97 1.02 -0.62 4.03E-01 
Vsx1, Vsx2 Vsx1 17.68 1.33 16.87 0.46 -0.81 4.06E-01 
nub Pou2f2.1/2/3/4 9.70 0.17 9.49 0.43 -0.21 4.12E-01 
Mef2 Mef2d 7.89 3.13 6.02 1.02 -1.87 4.13E-01 
onecut onecut1 13.22 1.21 12.57 0.87 -0.66 4.13E-01 
Usf Usf2 2.46 0.47 2.69 0.18 0.23 4.19E-01 
salm Zfp236 4.60 0.79 5.06 0.70 0.46 4.19E-01 
ap Lhx2 11.47 1.06 10.89 0.86 -0.59 4.25E-01 
fd59A Foxd1 13.98 1.68 13.04 0.58 -0.94 4.40E-01 
zfh1 Zeb2 2.45 0.48 2.67 0.13 0.22 4.45E-01 
E(spl), m5, m7, mβ Hes6 8.15 2.62 7.30 1.53 -0.85 4.45E-01 
pnr Gata6 3.25 0.61 3.55 0.38 0.30 4.46E-01 
bin Foxf2 2.59 0.38 2.78 0.25 0.19 4.50E-01 
CG17181 Scrt1 11.35 0.54 11.01 0.66 -0.34 4.51E-01 
unk Unkl 7.50 0.48 7.28 0.34 -0.23 4.70E-01 
rno Phf15 6.12 0.47 5.85 0.53 -0.27 4.76E-01 
ac Ascl1 5.18 1.06 5.61 0.23 0.43 4.83E-01 




ara Irx3.1/2 10.81 0.69 10.34 1.05 -0.47 4.86E-01 
CG18599 Noto 15.75 0.81 16.40 1.46 0.64 4.91E-01 
salm Sall4.3(1/2) 15.93 0.45 15.57 0.82 -0.36 4.92E-01 
Mef2 Mef2c.1/2 4.53 0.82 4.87 0.34 0.34 4.92E-01 
pros Prox1 5.42 0.97 5.80 0.30 0.38 5.01E-01 
sna Snai2 2.84 1.06 3.24 0.05 0.40 5.06E-01 
pb Hoxb2 7.32 1.34 6.81 0.43 -0.51 5.13E-01 
unk Unk 4.77 0.68 5.05 0.55 0.28 5.48E-01 
Vsx2 Alx3 15.77 0.94 15.24 1.23 -0.52 5.49E-01 
CG32105 Lhx1 14.32 0.34 13.84 1.43 -0.49 5.52E-01 
Spt3 Supt3h 5.06 1.52 5.62 0.96 0.57 5.57E-01 
kn Ebf3.1/2/3 7.13 0.09 7.00 0.39 -0.13 5.58E-01 
ara Irx4 15.16 0.93 13.84 3.41 -1.32 5.75E-01 
HLHγ Hes2 8.76 0.60 9.44 2.11 0.68 5.76E-01 
Ets21C Ets1.2 6.52 0.70 6.30 0.18 -0.22 5.84E-01 
achi, vis Tgif1.1/2/3/4/5 3.64 0.40 3.77 0.17 0.13 5.86E-01 
Meics Zfp768 5.21 0.65 5.48 0.65 0.26 5.87E-01 
dys Npas1 14.81 0.19 15.17 1.22 0.37 5.92E-01 
ham Prdm16.1 10.02 1.03 9.65 0.87 -0.37 6.01E-01 
CG9571 Foxj1 9.59 0.71 9.35 0.57 -0.24 6.13E-01 
tio Tshz3 4.71 0.22 4.62 0.23 -0.08 6.17E-01 
inv En1 14.55 0.99 14.16 1.22 -0.40 6.33E-01 
Dll Dlx5.1 8.92 0.45 9.05 0.26 0.13 6.34E-01 
CG31702 Rtf1 3.49 0.29 3.57 0.16 0.08 6.36E-01 
knrl Ppard 4.51 0.62 4.27 0.79 -0.24 6.48E-01 
Hey Hey1 6.24 0.93 6.55 0.92 0.31 6.53E-01 
MBD-like Mbd3 5.29 0.35 5.18 0.39 -0.12 6.67E-01 
Her, HLHγ Hes7 12.28 1.18 11.83 1.60 -0.45 6.68E-01 
pps Dido1.1/2/3 2.96 0.08 2.74 0.76 -0.22 6.71E-01 
inv En2 16.13 1.63 15.48 0.02 -0.65 6.74E-01 
MBD-like Mbd1 3.53 0.29 3.40 0.50 -0.13 6.76E-01 
Fer1 ptf1a 16.07 0.71 16.26 0.16 0.19 6.87E-01 
pnr Gata5 10.65 1.01 10.91 0.70 0.26 6.89E-01 
rno Phf16 5.45 0.49 5.33 0.28 -0.12 6.92E-01 
Tbp Tbp  4.67 0.38 4.76 0.19 0.09 6.94E-01 
dac dach2.1 10.20 1.16 10.50 0.12 0.30 6.97E-01 
tap ngn2  15.33 1.60 14.97 0.63 -0.36 6.97E-01 
Poxm Pax1 14.01 0.21 13.82 0.90 -0.19 7.03E-01 
Sgf11 Atxn7l3a/b 3.64 0.22 3.14 1.98 -0.50 7.05E-01 
knrl Pparg.2 15.46 1.92 15.94 0.69 0.47 7.19E-01 
fd59A Foxd2 8.71 1.18 8.38 1.33 -0.33 7.23E-01 
zfh1 Zeb1 3.85 0.38 3.78 0.17 -0.08 7.30E-01 




MED16 Med16.1 3.67 0.38 3.87 1.07 0.20 7.49E-01 
achi, vis Tgif2  4.75 0.32 4.65 0.49 -0.10 7.49E-01 
pdm3 Pou6f2 15.31 1.46 15.02 0.05 -0.29 7.65E-01 
salm Sall1 11.99 1.10 12.20 1.10 0.21 7.93E-01 
Brf Brf1 3.52 0.25 3.63 0.44 0.11 7.96E-01 
svp Nr2f1 6.37 0.36 6.29 0.53 -0.09 7.97E-01 
ush Zfpm1 5.45 0.44 5.51 0.16 0.06 8.00E-01 
CG17181 Scrt2 15.59 1.12 15.40 1.02 -0.19 8.06E-01 
Mef2 Mef2b.2 12.68 0.71 12.81 0.56 0.12 8.15E-01 
svp Nr2f2.1  2.57 0.27 2.62 0.33 0.05 8.17E-01 
kn Ebf1 5.67 0.89 5.53 0.70 -0.14 8.23E-01 
Meics Zfp358 4.29 0.81 4.40 0.33 0.10 8.24E-01 
bin Foxf1 1.47 0.81 1.37 0.16 -0.09 8.34E-01 
pros Prox2 8.89 0.20 8.99 0.86 0.10 8.35E-01 
salm Sall2.2 5.41 0.73 5.49 0.17 0.08 8.36E-01 
salm Sall2.1 13.32 0.52 13.56 1.77 0.24 8.41E-01 
Dll Dlx6 12.38 0.43 12.28 0.86 -0.10 8.50E-01 
Dll Dlx3 10.01 0.63 9.91 0.90 -0.10 8.61E-01 
pb Hoxa2 7.05 0.58 7.12 0.56 0.07 8.61E-01 
MED1 Med1.1/2/3 3.81 0.23 3.85 0.37 0.04 8.66E-01 
CG32105 Lhx4 11.70 1.42 11.83 0.41 0.13 8.69E-01 
onecut onecut2 9.14 1.07 9.23 0.54 0.10 8.80E-01 
Hmx Nkx3.2 8.17 0.76 8.27 1.00 0.10 8.81E-01 
pb Pdx1 12.81 0.48 12.91 1.29 0.10 8.88E-01 
Dll Dlx2 7.27 0.35 7.23 0.41 -0.04 8.89E-01 
Mef2 Mef2b.1 14.83 0.73 14.77 0.88 -0.06 9.21E-01 
MBD-like Mbd2 1.23 0.55 1.20 0.15 -0.03 9.25E-01 
tio Tshz2 2.63 0.74 2.67 0.23 0.04 9.26E-01 
Meics Zfp575 7.36 0.59 7.40 0.72 0.04 9.33E-01 
ham Mecom.2 6.37 0.89 6.33 0.45 -0.04 9.45E-01 
byn T 13.16 0.93 13.13 0.23 -0.03 9.48E-01 
Hey Heyl 5.07 0.40 5.05 0.33 -0.02 9.51E-01 
HLHγ Hes3 16.74 1.57 16.84 1.31 0.10 9.52E-01 
pnr Scrib 3.46 0.13 3.48 0.56 0.02 9.52E-01 
svp Nr2f6 3.59 0.40 3.57 0.60 -0.02 9.60E-01 
MED16 Med16.2 7.55 0.90 7.57 0.58 0.02 9.67E-01 
salm Sall4.1/2 14.12 0.65 14.14 1.03 0.02 9.74E-01 
ham Mecom.1 4.25 0.36 4.25 0.34 0.00 9.88E-01 
tup Isl2 6.99 0.16 6.99 0.20 0.00 9.92E-01 
achi Tgiflx1 ND ND ND ND ND ND 
achi, vis Tgiflx2 ND ND ND ND ND ND 
CG32105 Lhx5 ND ND ND ND ND ND 




CG5380 Polr3f ND ND ND ND ND ND 
MBD-like Mbd3l2 ND ND ND ND ND ND 
Scm Scmh1 ND ND ND ND ND ND 
Scm Scml2 ND ND ND ND ND ND 
Scm Scml4 ND ND ND ND ND ND 
toy Pax6.2 ND ND ND ND ND ND 
toy Pax6.3/5 ND ND ND ND ND ND 
CG11152 Foxg1.2 16.41 0.18 16.85 N/A 0.44 NP 
Dbx Dbx1 16.75 N/A 16.53 N/A -0.21 NP 
Dll Dlx5.2 NP NP 18.79 NP NP NP 
Hmx Hmx1 16.46 N/A 17.35 0.47 0.89 NP 
kn Ebf2.1 15.84 N/A NP NP NP NP 
kn Ebf2.2 15.02 0.05 NP NP NP NP 
MBD-like Mbd3l1 17.03 N/A NP NP NP NP 
MED1 Cdsn 16.75 1.79 12.56 N/A -4.19 NP 
oc Crx.1/2 13.90 N/A 15.20 N/A 1.30 NP 
oc Otx2 15.25 N/A 15.58 1.56 0.33 NP 
pnr Gata4 19.59 N/A NP NP NP NP 
Tbp Tbpl2 16.51 N/A 16.06 N/A -0.44 NP 
tll Nr2e1 16.81 0.61 18.70 N/A 1.89 NP 






Table 9: All qPCR results for pancreas 
Fly Gene Mouse Transcript WT CT WT SD KO CT KO SD DDCT P-value 
toy Pax6.1/4 9.23 0.59 17.62 0.96 8.40 5.80E-06 
toy Pax6.2 8.93 1.07 17.30 1.48 8.37 9.41E-05 
ara Irx2 10.80 0.95 15.56 0.96 4.76 4.03E-04 
CG4328 Lmx1b 13.36 0.63 17.16 1.15 3.80 2.33E-03 
toy Pax6.3/5 13.53 1.62 17.96 0.76 4.44 2.57E-03 
CG32105 Lhx1 13.44 1.20 16.24 0.82 2.81 8.27E-03 
tio Tshz3 7.30 0.51 6.34 0.23 0.97 1.40E-02 
nub Pou2f3 14.45 0.88 12.70 0.66 1.74 1.94E-02 
salm Sall2.1 16.08 0.27 15.08 0.43 1.00 2.76E-02 
pb Pdx1 7.68 0.66 8.74 0.44 1.06 3.64E-02 
ap, tup Isl1 5.86 1.12 7.13 0.31 1.27 7.08E-02 
dys Npas1 15.75 0.95 14.92 0.29 0.84 1.43E-01 
pros Prox1 4.76 0.76 5.19 0.26 0.43 3.22E-01 
onecut onecut1 8.37 1.02 7.71 0.72 0.67 3.28E-01 
knrl Pparg.2 18.14 1.27 17.31 0.46 0.83 3.49E-01 
CG9571 Foxj1 10.67 0.94 10.13 0.54 0.54 3.56E-01 
unk Unkl 9.06 0.61 8.74 0.23 0.32 3.73E-01 
tio Tshz2 4.45 0.56 4.19 0.14 0.26 3.98E-01 
Dll Dlx3 13.03 1.08 12.46 0.70 0.57 4.13E-01 
unk Unk 6.60 0.64 6.91 0.30 0.31 4.15E-01 
kay Fos  7.00 1.34 6.44 0.62 0.55 4.84E-01 
CG3328 Myrf  16.01 1.09 14.96 2.39 1.04 5.20E-01 
onecut onecut2 16.70 0.86 17.15 1.24 0.45 5.74E-01 
MBD-like Mbd3 7.88 0.75 7.65 0.30 0.23 5.95E-01 
nub Pou2f1.3/4 13.69 1.12 13.38 0.23 0.31 6.09E-01 
Hr46 Rorb.1 12.43 1.40 12.05 0.52 0.38 6.29E-01 
achi, vis Tgif1.1/2/3/4/5 5.32 0.32 5.42 0.33 0.11 6.66E-01 
nub Pou2f1.1/2 7.26 0.75 7.11 0.28 0.15 7.17E-01 
ham Prdm16.1 10.87 1.83 10.50 1.01 0.37 7.34E-01 
HGTX Nkx6.2 15.80 0.78 16.16 1.67 0.35 7.53E-01 
knrl Pparg.1 8.65 0.71 8.76 0.32 0.11 7.81E-01 
salm Sall2.2 7.63 0.33 7.57 0.32 0.06 8.04E-01 
dimm Mist1 7.14 0.53 7.07 0.17 0.07 8.24E-01 
ham Prdm16.2 7.61 0.65 7.49 0.89 0.12 8.31E-01 
salm Sall1 15.88 1.50 16.05 0.51 0.17 8.40E-01 
tio Tshz1 5.76 0.46 5.81 0.36 0.05 8.77E-01 
E(spl), m5, m7, mβ Hes6 10.76 1.51 10.91 1.67 0.16 8.93E-01 
CG4328 Lmx1a 14.04 1.88 13.89 1.45 0.15 9.05E-01 




Materials and Methods 
Fly lines used:  
y, w; esg-Gal4NP5130/CyO (DGRC);  w1118; UAS-scRNAi105951 (VDRC) (Dietzl et al., 2007);  y, v; UAS-
scIR[JF02104] (BDSC); w; UAS-ase/CyO (a gift from A. Bardin). All experiments were performed on flies of 
the following genotypes: y, w/w1118; esg-Gal4NP5130/CyO (WT(CyO)), and y, w/w1118; esg-Gal4NP5130/UAS-
scRNAi105951 (EE-), and y,w; esg-Gal4NP5130/UAS-ase (EE+). For all experiments, flies were collected and 
dissected at 4-7 days after eclosion. 
 
Microarrays:  
RNA was extracted using a Qiagen RNeasy Mini Kit, with subsequent treatment by Ambion Turbo DNA-
free DNase. Samples were tested by qPCR (see procedure below) before being sent to Johns Hopkins 
University Deep Sequencing and Microarray Core for annealing to Affymetrix Drosophila Genome 2.0 
Arrays. Data was subsequently processed using RMA analysis in FileMaker Pro and Microsoft Excel. 
   
Mice: 
Ngn3-eGFP heterozygotes were bred and homozygous mutant pups were selected for dissection at P0 
along with their wild type littermates.  Tissue was dissected into four separate regions including 
stomach, small intestine, large intestine/cecum, and pancreas before RNA was extracted using a Qiagen 
RNeasy Mini kit, with subsequent treatment by Ambion Turbo DNA-free DNase. 
qPCR:  
DNase-treated RNA samples were made into cDNA by using the Quanta qScript cDNA SuperMix. Quanta 
Perfecta SYBR Green was used for detection on an Eppendorf Realplex2 EpGradient S PCR Machine. The 




   
Mouse Antibody Staining: 
 Embryos were dissected and tissue fixed in 4% paraformaldehyde in PBS overnight at 4C. Fixed 
tissue was washed twice with cold PBS and cryoprotected overnight in 30% sucrose. The next day, the 
tissue was embedded in OCT (Tissue Tek) on dry ice and stored at -80C until sectioning.  5-10um sections 
were used for further analysis. Slides were stored at -80C until use, at which time they were allowed to 
dry at room temperature for 15 minutes, followed by a 15-minute rinse in 0.3% H2O2/PBS, and then two 
5 minute rinses in PBS. An antigen retrieval treatment was then done (15 minutes in 10mM Sodium 
Citrate pH 6.0 in a beaker submersed in simmering water followed by a 15-minute cool-down period in 
the same buffer on the bench top. After antigen retrieval, two more 5-minute rinses in PBS were 
followed by a 30 minute incubation in 200ul 10% donkey serum/PBS 0.3% Triton-X-100 (ddPBST) under 
parafilm coverslips. After the 30-minute blocking step, slides were incubated in 200ul of primary 
antibody dilution in 5% donkey serum PBS 0.3% Triton-X-100 (dPBST), and placed under parafilm 
coverslips at 4C overnight. The next day, Slides were given three 5-minute rinses in PBS 0.3% Triton-X-
100 (PBST) and then incubated in 200ul secondary antibody diluted in PBST for 2 hours at room 
temperature under parafilm coverslips. Finally, three 5-minute rinses in PBST were followed by a 15-
minute incubation in DAPI (1:1000 in PBS), and then two final 5-minute rinses in PBS. Sections were then 
mounted in DAKO fluorescent mounting medium or 80% Glycerol and covered with a #1.5 cover glass 
before imaging. 
   
Confocal Microscopy: 




Chapter 4: Does Egfr Transmit a Niche Signal to the 
Intestinal Stem Cell? 
Summary 
 When the ISC divides, the daughter is specified by a Notch signal from the ISC to the EB. 
Immediately after division, both the ISC and the EB have both the ligand and the receptor for Notch on 
their membranes, yet the ISC does not differentiate from an EB-generated Notch signal. Based on the 
observation that the EB divides away from the basement membrane, I hypothesized there is a signal 
secreted by the muscle or trachea serving to inhibit Notch signaling in the ISC and maintaining its 
potency. After several experiments, I concluded that although Egfr is most likely not inhibiting Notch 
signaling, it is affecting the proliferative activity of the ISC.  
 
Introduction 
Is there an ISC Niche? 
When a stem cell divides it is critical that the outcome of the division be asymmetric to avoid 
tumor growth, and so that a functional tissue and functional stem cell can be maintained. Given that ISC 
daughter cells are specified by a Notch signal, and both the ISC and EB contain both Notch and Delta on 
their plasma membranes upon division, I found the question intriguing as to how an ISC intrinsically 
keeps itself from differentiating. I reasoned that the presence of Notch and Delta on both the ISC and 
EB, and the equivalent expression of several Gal4 lines, including the often-used esg-Gal4 and P-
switchAMP (Mathur et al., 2010), suggested that the ISC and EB are quite similar, except for the ISC’s 
adjacent localization to the BM and its lack of Notch responsiveness. We observed that when the ISC 




2007), suggesting that there could be a pluripotency-preserving niche signal emanating from either the 
muscle or trachea under the BM.  I hypothesized that the ISC and EB would be equivalent without a 
basally secreted external niche signal which inhibits Notch signaling in the ISC, thereby preventing the 
ISC from differentiating (Figure 41.C).  
   
Figure 41: Rationale behind the basal niche hypothesis 
The EB divides at an angle away from the BM (A) The ISC is contacting the BM over a much larger 
footprint than the EB is. (B) A model of our hypothesis, that a niche signal is secreted from the muscle or 




As reviewed in Chapter 1, a high Notch signal specifies an EC while a low signal specifies an EE. It 
is not known how the modulation of the ISC-generated Notch signal occurs, whether it is caused by 
differences in the ligand presentation on the signal sending cell or by an inhibitory interaction with 
Notch effectors in the ISC, preventing reception of a strong Notch signal. It is possible that a 
combination of methods is utilized to provide a robust differentiation cue to nascent EBs. The 
occurrence of high or low Delta levels on the ISC (90% high and 10% low) correlates with the 
proportionality of the daughter cells in the epithelium (90% EC and 10% EE), suggesting the ligand 
density on the plasma membrane of the signal sending cell may be important in regulating the 
downstream signal strength (Ohlstein & Spradling, 2007), but the exact mechanism of regulation of the 





Egfr is known to Interact with Notch Signaling 
 Egfr has long been known to play a role in cell survival (Aguirre, Rubio, & Gallo, 2010), and to be 
responsible for driving stem cell proliferation in the developing Drosophila brain (Ayuso-Sacido et al., 
2010). Furthermore, Egfr and Notch pathways have been known to interact in many tissues of the body 
during development. In the neuroblast lineage, for example, it has been demonstrated that Egfr 
signaling interacts with Notch signaling to maintain neural stem cells (Aguirre et al., 2010) by preventing 
Notch-mediated differentiation (Ayuso-Sacido et al., 2010).  
 Egfr is one of several RTK proteins feeding into the intracellular MAPK activation cascade (Figure 
42). The binding of an activating ligand brings the two subunits of the receptor in close proximity to one 
another in such a conformation that they can catalyze the phosphorylation of Tyrosine residues on their 
partner subunit. The phosphorylation initiates a cascade of phosphorylative events, modifying other 
kinases which eventually modify a transcription factor, pointed (pnt), and allow it to travel to the 
nucleus of the cell where it displaces the inhibitory factor anterior open (yan). Egfr activation can elicit a 
far-reaching multifunctional response, since the phosphorylated kinases in the cascade can also 
phosphorylate a host of indirectly related proteins within the cell, altering their activity. There are five 
known ligands for the Egfr pathway in Drosophila, four of which are activating, including vein (vn), spitz 
(spi), gurken (grk), and keren (krn), and one inhibitory ligand: argos (aos).  
 Egfr has been shown to interact with Notch signaling via phosphorylation of Groucho, a 
repressive bHLH family member normally induced by Notch signaling and that acts by binding with 
Hairless (H) and Suppressor of Hairless (Su(H)) to repress targeted genes. When Groucho is 
phosphorylated, it releases H and Su(H), permitting signaling to occur if an activator cofactor binds Su(H) 






Figure 42: A general overview of the Egfr pathway in Drosophila 
One of the activating ligands of Egfr (in green) binds to two subunits of the Drosophila Egf Receptor 
(DER) and cause the subunits to auto-phosphorylate, activating a kinase cascade which eventually 




Candidate Niche Pathways 
At the outset of this project there were no known niche signals in the Drosophila midgut, and I 
set out to find one.  I began by looking at Gal4 driver lines meant to recapitulate the expression patterns 
of several ligands in three pathways often seen to regulate stem cell maintenance in other tissues: Wnt, 
BMP, and Egfr. I saw muscle or tracheal expression for the enhancer traps of ligands in all three (Figure 
43.A-C).  
With all three pathways having candidate ligands expressed in the muscle or trachea 
surrounding the midgut, I tested the ISC requirement for the various signals by making mutant clones of 




required for ISC maintenance, the ISCs in these clones would either quickly die or differentiate, leaving 
the clones unable to continue to grow, and therefore making guts without clones, or with only very 
small ones. 
 Null clones of the BMP receptor Tkv were maintained over 8 days, similar to those in WT clones 
(Figure 43.H). The clones contained ISC-like Dl+ cells as well as differentiated daughter cells (Figure 
43.D). This result suggests Tkv and BMP signaling is not required for an ISC to divide or be maintained in 
an undifferentiated state.  
I made clones of a dominant-negative form of pangolin (pan), the TCF homolog in Drosophila, 
serving as the main transcription factor downstream of Wnt signaling. These clones, at 8 days post 
induction, were quite small, but instead of containing differentiated cells they contained what appeared 
to be lone Dl+ ISCs or Dl- EBs (Figure 43.E).  This suggested Wnt signaling is not required to maintain the 
ISCs as a niche signal, but rather to drive ISC proliferation and EB differentiation 
 Lastly, I generated clones of a null allele of Egfr. At 8 days post clone induction, there were rare 
single-marked cells representing all cell types, no clones were larger than 2 cells, and few of the clones 
were Dl+ (Figure 43.F-G). There could be at least three explanations for the small clone size of Egfr 
mutant clones. First, if Egfr signaling serves as a survival signal to the ISC, the mutant ISC clones would 
apoptose soon after induction, and the only clones remaining would be the transit clones which 
comprised single differentiated cells. Alternatively, if Egfr signaling were required for ISC proliferation, in 
the absence of Egfr signaling there would be no ISC division in mutant cells, explaining the small size of 
the existing clones. Third, if Egfr signaling is required to maintain ISCs in the undifferentiated state, all 




     
Figure 43: Preliminary results for three candidate niche signaling pathways 
dpp-Gal4 (A), wg-Gal4 (B), and vn-LacZ (C) are all expressed in the muscle and/or trachea of the midgut. 
Tkv clones comprise many cells and all cell types after 8 days (D). PanDN clones are single EB or ISC-like 
cells, either Dl+ or Dl- after 8 days (E). 8 day clones of the null Egfr allele TopCO are one or two cells in 
size (F), and represent all cell types (G). Wild type clones 8 days post clone induction (H). In all panels, 
DAPI is Blue, GFP is green, β-galactosidase produced by NRE-LacZ is pink, Pros is red nuclear staining, 






Focus on Egfr and Its Role in ISC Maintenance 
Based on the phenotype of the mutant clones, Egfr was the best of the three candidates for a 
basal niche signal (Figure 44).  Antibody staining for the Egfr protein shows it is localized on the ISC and 
EB throughout the gut (Figure 44.A). Similarly, an antibody to phosphorylated ERK protein stains both 
the ISC and EB (Figure 44.B-C).  
 
Figure 44: Egfr and pERK are both present in EB and less so in ISC 
Egfr is present on both ISC and EB.  (A). pERK is present in both ISC and EB (B, C). how-Gal4 expresses a 
GFP reported in the muscle and trachea (D). btl-Gal4 expresses GFP in the trachea alone (E). esg-Gal4 






To determine both which cells release the Egfr ligand, and which ligand is responsible for the 
Egfr activation, I reassessed the expression patterns of the enhancer traps I had conducted previously. 
An enhancer trap for the Egfr ligand vein (vn) is expressed in the circular muscle (Figure 44.C). A spitz 
enhancer trap was negative, as was antibody staining to Spitz, Gurken, and Argos proteins (data not 
shown). These results, taken together, suggest that Vein ligand is secreted from the circular muscle and 
received by the ISC and EB.  
Using an inducible driver to knock down the expression of vein from the adult muscle and trachea, the 
number of each cell type in the gut changed dramatically (Figures 45 and 46), with a reduction in the 
total number of cells in the gut as well as the number of ISC-like cells.  A similar reduction was observed 
when vein RNAi was expressed from the trachea alone, suggesting that the trachea could be serving as 
the source for the vein ligand in this case. Conversely, over-expression of vn from the muscle and 
trachea together caused a strong increase in all cell types except for EEs, whereas over-expression from 
the trachea alone caused only a minor increase in the numbers of differentiated cells and a slight 
decrease in the ISC-like cells (Figure 46). This result fits with the hypothesis that Egfr signaling is 
inhibiting Notch signaling from affecting the ISC, because with the removal of the Egfr protection signal, 
the ISCs would either differentiate or die, causing a decline in both their number and in their ability to 





Figure 45: Peripheral Egfr affects midgut cell number and type.  
Level of Egfr signaling correlates with number of cells in the gut, and with expression of Dl. Top row are 
Dl and Prospero staining, Bottom row are DAPI. (A, A’) Vein over-expression (B,B’) WT (C, C’) vnIR. All are 







Figure 46: Cell counts in the posterior midgut with changes in peripheral vn production 
Blue lines represent wild-type flies. Green represent flies with vn RNAi being expressed in the periphery, 
and orange lines represent flies with vn overexpression in the periphery. The darker of each color 
represents the driver being in both the muscle and trachea (how-Gal4), and the lighter of the two 
represents the driver being in the trachea alone (btl-Gal4).  
 
 
 To test the hypothesis that the change in ISC maintenance was due to a mis-regulated Notch 
signal, I introduced a NRE-lacZ construct into the vn RNAi background. If Notch signaling were truly 
being uninhibited in the ISC, I would have expected to see NRE expression in the ISC and the EB equally, 
rather than just in the EB alone, as in the wild-type. As illustrated in Figure 47, I did not observe 
“symmetrical” Notch signaling, but did see a general reduction in the number of dividing ISCs in the 
esg>EgfrIR midguts. In addition there were lone GFP+ NRE- cells that were small and rounded, as if they 






   
Figure 47: An increase in symmetrical Notch signaling is not see in Egfr pathway knockdown 
(A-B) esg>EgfrIR (C-D) how>vnIR. ISC/EB pairs in guts with knocked-down Egfr pathway activity show NRE 





 The appearance of the esg>EgfrIR ISCs and EBs caused  me to wonder if the cells were losing 
contact with the basement membrane and to their daughter cells, and perhaps being lost to anoikis. Egfr 
is known to up-regulate DE-cadherin (also known as shotgun (shg)) levels and localization in developing 
trachea, eye, and wing (O’Keefe et al, 2007). It has been shown that shg is strongly expressed in ISCs and 
EBs, as well as localized between them, and is required for proper EB differentiation (Maeda, Takemura, 
Umemori, & Adachi-Yamada, 2008). To test whether Egfr might be acting to up-regulate shg levels, I 




while lining the rest of the cells in the midgut more weakly. In the Egfr null clone, Shg staining appeared 
to be very weak (Figure 48). This result suggests that Egfr ensures proper expression of shg. One would 
expect that a loss of shg expression would lead to a decrease in differentiation and an increase in 
proliferation rate, rather than a loss of proliferative capacity. Future experiments would be necessary to 




   
Figure 48: With loss of Egfr signaling, Shg appears reduced 
(A) esg>GFP cells are roughly triangular in shape, and most are tightly associated with an EB. (B) 
esg>GFP, EgfrIR cells are more rounded in shape and most are not adjacent to an EB.(C) A wild type ISC 
next to differentiating EBs marked with Shg.  (D) An Egfr null clone has lower shg staining than the cells 






 Based on the observations that the ISC is more closely adherent to the basement membrane 
than any of other midgut epithelial cells, and that the EB divides away from the basement membrane, I 
hypothesized there was a basal niche signal required to maintain the ISC in an undifferentiated state. 
Since a Notch signal is necessary and sufficient for a stem cell daughter to differentiate into a 
functioning epithelial cell, my hypothesis would necessitate that Egfr signaling was inhibiting a Notch 
signal from occurring in the ISC.  
 My results indicate that the Egfr ligand Vein, secreted from the trachea (and possibly the 
muscle) is required for midgut epithelium cell homeostasis not because it inhibits Notch signaling in the 
ISC, but because it may be maintaining ISCs by up-regulating shg. A reduction in vn expression in the 
peripheral tissues led to the loss of all cell types in the midgut over time. I have also obtained results 
supporting the hypothesis that Egfr could be inhibiting Notch in the ISC, and thereby maintaining it as a 
niche signal would. These results are not conclusive, however, and further testing is necessary to 
complete the story.  
 Since starting this project, the muscle and trachea have been implicated as niche signaling 
tissues in the adult midgut by several other groups. Wingless secreted from the muscle has been shown 
to act as a niche signal, because without Wingless signaling, ISC number has been shown to decrease 
(Lin & Xi, 2008). Egfr has been named as a stem-cell maintenance signal, since the number of Egfr null 
stem-cell clones in the gut decreased over time {Xu, 2011 #38). Other groups found that Egfr is required 
for ISC proliferation (Buchon et al., 2010; Jiang et al., 2011). A complete ISC loss has not been shown to 
happen with loss of any signaling pathway alone, though, as would be expected from a true niche signal, 





 The current state of the field leaves us with several unanswered questions. It is unclear whether 
ISCs are lost at a normal rate, like the rest of the epithelial cells, in which case they would have to be 
replaced by a symmetric division of another ISC or dedifferentiation of another epithelial cell type. If 
they are lost at a regular rate, then the result of ISC loss along with the rest of the cell types in the 
peripheral vn knockdown would make sense as an outcome of a loss of proliferative capacity alone. If 
they are not lost at a regular rate, however, then the loss of ISCs in the vn knockdown experiments 
suggests that ISCs and/or EBs need to receive an Egfr signal to survive. It is also possible that Egfr 
signaling is required for more than one downstream event, one of which may lead to a survival signal in 
the ISC, and another of which might be a permissive proliferation signal, as implicated in some of the 
recent papers.  
 Taken together, these experiments present interesting variations on the theme of Egfr 
regulating proliferation and ISC maintenance. The original hypothesis of Egfr inhibiting Notch does not 
appear to be the case, but it is possible that Egfr is mediating ISC survival in the midgut. More work to 





Materials and Methods 
Flies 
 The following lines were used for the experiments in this section: y,w; esg-Gal4NP5130/CyO. 
y,w, NRE-lacZ/FM7; esg-Gal4/Cyo.  
Antibody Staining 
 Flies were dissected into Gut Buffer (recipe) and then fixed in 4% Paraformaldehyde/GB for 30 
minutes at room temperature on a rotating table. Three 20 minute rinses were followed by overnight 
incubation in primary antibody diluted in PBT. Antibodies and dilutions are listed in Table XX, The next 
day, the tissue was given three 20 minute rinses in PBT, followed by a 2 hour room temperature 
incubation in secondary antibody diluted 1:1000 in PBT. After this incubation, the tissues were given 
three 20-minute room temperature rinses in PBT, and then mounted in 80% glycerol for viewing. 
Mutant clones generation 
 Flies were collected soon after eclosion and aged to 4 days before heat-shocking in dry vials at 
37C for 40 minutes.  After heat shock, flies were maintained at room temperature and flipped onto fresh 
food every two days until dissection. 
RNAi experiments 
 RNAi lines were crossed to driver lines at 18C.  Progeny were collected upon eclosion and 
maintained at 18C on molasses-cornmeal agar food until they were 4 days old, at which point they were 
transferred to a 30C incubator to inactivate the Gal80ts. Flies were flipped onto new food every other 




Chapter 5: General Discussion and Perspective 
 
Phenotype of EE loss  
 In an effort to more fully understand the function of EEs, I analyzed the phenotype of EE- flies 
using a battery of measures, including a viability assay, the measure of food intake, body size and 
composition, and a fertility assay. Despite conflicting values on several of the assays which employed 
different controls, I did find three parameters that remained significant: First, EE- flies lay fewer eggs per 
day. Second, they appear to have an oviposition defect. And third, they present with a diarrhea-type 
defecation defect. It would be interesting to know which hormones are regulating each aspect of the 
phenotype. 
 Octopamine has been reported to be required for proper ovulation and oviposition in the fly (H. 
G. Lee, Rohila, & Han, 2009). It is possible that the fertility and oviposition aspects of the EE- phenotype 
is mediated through this as-yet unknown EE neurotransmitter.  
 The mouse EE marker gene Synaptophysin (Syp) codes for a gene which is involved in synaptic 
vesicle packaging and release. This marker marks those EEs which make neurotransmitters, but not 
those that only make peptide hormones (Rindi et al., 2004). Perhaps similarly, n-synaptobrevin (nSyb) is 
a Drosophila gene which encodes for a molecule involved in synaptic vesicle docking. These molecules 
have been shown to operate in the same molecular complex governing vesicle transport in the neuronal 
synapse (Becher et al., 1999). An nSyb-Gal4 driver drove expression in a subset of EEs in the fly midgut 
(data not shown), leading to the question of whether those cells could be the ones expressing the 
chatecholamines.  This gene would be a good candidate to use as a driver for RNAi knockdown of 




the EE- phenotype. I could quantify the oviposition aspect by measuring the distance between an egg 
and a single groove on the plate.  
 The third aspect of the phenotype which was reproducibly different in EE- and WT flies, the 
diarrhea-type defect, needs to be more clearly understood. First, I would need to visually confirm 
through observation of living flies that the spots on the plate are from rectal excretion, and not 
regurgitated food. Then, I would redo the feeding assay. I found that the 5ul capillary tubes were much 
more precise than the 25ul tubes that I had used for most of the feeding assay measurements, so I 
would redo the assay with 5ul tubes changed every 2 hours. In order to measure the defecation, I would 
place 100 flies in a dry vial with capillary tubes of food and then measure the change in the weight of the 
vial after 30 minutes. This would give me the total “wet weight” of the defecation. I could then dry the 
vial and weigh it again to get the “dry weight” to see if the flies were absorbing more or less nutrients or 
water from the ingested meal.   
 An excess of excretions could be due to the lack of absorption of ingested food, or it could be 
due to a defect in peristaltic activity. It is possible to live image the guts in order to quantify peristalsis. If 
EE hormones normally mediating a repressive function on peristalsis, the diarrhea could in part be due 
to the over activity.  
 The problem between the two controls would be addressed using the scheme that I laid out in 
the discussion of Chapter 3 involving ensuring that the same pigmented markers are in all the flies in 
common, and that the genetic backgrounds of all flies used be identical except for the RNAi and the Gal4 
sequences.  
 The lack of a normal proliferative response to paraquat treatment raises the question of 
whether ISCs are capable of maintaining homeostasis in EE- flies, not because of their lack of EEs, but 
because of an ISC defect. It is likely that knocking down sc  in the ISC and EB leads to defects in 




size of the lineage clones that were generated in the EE- genetic background, hint that ISCs in these flies 
are slow to proliferate, and that they have a possible defect in survival. The proneural bHLH A 
transcription factor daughterless (da) has been shown to be required for maintenance of ISC identity 
and proliferation (Bardin et al., 2010). da is an activating co-factor which targets E-box sequences and 
binds other bHLH A factors such as sc to activate transcription of target genes. This suggests that 
proneural signaling is required for ISC maintenance and functionality.  
 
 
Specification of Enteroendocrine Cells 
 Enteroendocrine cell development presents a unique and fascinating topic of study that bridges 
the fields of stem cell biology and physiology. Enteroendocrine cells are a diverse class of cells that are 
scattered throughout an absorptive epithelium. Although the notion that enteroendocrine cells could be 
called an “organ” runs counterintuitive to the conventional wisdom of what most people would 
generally consider to qualify as an organ, based purely on cell count, EEs comprise the largest endocrine 
organ in the body. EEs are derived by the same ISCs which generate the rest of the tissue, and are 
extremely heterogeneous, with more than 15 hormones produced along the length of the gut. The 
question of how they develop and are maintained is important because EEs are responsible for 
maintaining postprandial homeostasis, and without them, humans are born with congenital 
malabsorptive diarrhea, meaning that without EEs, the body is incapable of absorbing the basic 
nutrients needed for life. EEs are defined by the hormones that they express, and different sets of 
hormones are expressed in EEs along the A/P axis of the gut. They have also been observed to exist in 
heterologous pairs in the Drosophila midgut. The question of how these complex patterns arise in a 




 Research by a colleague in the Ohlstein lab indicates that the likelihood that the ISC in a given 
region is patterned during pupal development to be able to make only a regional subset of epithelial 
cells, meaning that an ISC in R3, for example, could give rise to copper cells, interstitial cells, and EEs 
expressing Npf, but not absorptive ECs or EEs making Dh31 (Ian Driver, personal communication). This 
patterning could be established by epigenetic means, such that a proneural transcription factor that had 
the potential to bind a number of promoters might only have access to a few promoters due to the 
methylation of the histones in other stretches of the chromosome containing genes that specify other 
regional subtypes.  
 The observation that, at least in the Drosophila midgut, the EEs exist in heterologous pairs begs 
the question of how these pairs arise. The simplest explanation for this phenomenon is that the ISC 
divides to make a single EE-precursor cell, which then itself divides asymmetrically, resulting in the 
generation of two daughter cells expressing different fates. There has been no evidence of Drosophila 
EEs dividing under normal conditions, however, so it is unlikely that the heterologous pair arises from an 
asymmetric division of a transit-amplifying EE-precursor cell. While several possible explanations may 
exist for the generation of a heterologous pair of EEs from the ISC, two seem most viable One possibility 
is that the ISC divides to create an EB which is already pre-specified, meaning the ISC perceived some 
stimulus, either endogenous or external, which caused it to create an EE of a particular type.  Since EBs 
are specified by the strength of the Notch signal that they receive from the ISC, the specification could 
be caused by an even more specific modulation of Notch, or a separate signal from the ISC which caused 
the EB to be refractory to Notch signaling. 
 The second possibility is that the ISC is only responsible for generating an EB, perhaps a region-
specific progenitor, which then differentiates into either an EC or one type of EE upon somehow 




signal would likely have the effect of inhibiting Notch, and allowing the proneural cascade to run its 
course.  
 I performed a screen for novel transcription factors which are potentially required in Drosophila 
for EE specification downstream of the initial proneural signal. I used an RNAi to the proneural gene 
scute to create flies lacking EEs entirely, and of the 19 candidate EE-specific transcription factors and 
nuclear genes of unknown function which I identified in my screen, 11 have homologs which have 
already been shown to play a role in endocrine specification or function in the mouse, and 3 have been 
identified as mouse EE specification factors.  
 Hypothesizing that I might be able to find a novel regulatory factor for EE development within 
the homologs of the EE-specific factors in the fly, I performed a second, more limited screen on the 
mouse homologs of the Drosophila candidate transcription factors. After screening through the mouse 
homologous candidate genes, I found two genes for further study: Lmx1a and Lmx1b.  
 Lmx1a is known to regulate insulin production in the pancreas, but it has not been shown to act 
in the intestine in any way (German et al., 1994). We will be acquiring LMX1a GFP knock-in mutant mice 
to examine the expression of LMX1a and to test for a possible loss of EE function. The primary role 
which has been found for this transcription factor in the mouse is not in the endocrine system but in the 
nervous system as a factor required for the development of dopaminergic neurons. Although there are 
no reports of dopaminergic EEs in the mouse, it is possible that a subset of EEs does indeed make 
dopamine or other chatecholamines. Alternatively, it is possible that EEs share some neurotransmitter-
processing machinery with dopaminergic neurons which is regulated in both cell types by Lmx1a.    
 Lmx1b has been shown to function primarily in the development of serotonergic neurons. The 
majority of the body’s total serotonin is produced and released by the specialized gastrointestinal EEs 
called enterochromaffin cells. Gut-derived serotonin has been shown to have a wide-reaching range of 




limiting enzyme is Tryptophan hydroxylase 1 (Tph1), regulates widely diverse physiological parameters in 
the body including bone mass, glucose homeostasis, and inflammation (Duerschmied et al., 2013; 
Sumara, Sumara, Kim, & Karsenty, 2012; Yadav et al., 2009).  
 It is not known whether Drosophila guts contain serotonergic endocrine cells, but there is 
evidence in our data that catecholamines might be generated there. Ddc::hRFP, a reporter which shows 
expression in cells expressing Dopa decarboxylase, an enzyme which is involved in the production of 
serotonin, and dopamine (Figure 49), shows RFP expression in a subset of EEs in the Drosophila larva 
(Figure 49), although there is no expression in the adult gut. Also, as mentioned in Chapter 3, Tdc2 is an 
EE-specific gene. These results suggest that catecholamine processing is indeed occurring in the EEs, but 
perhaps not serotonin processing since Tryptophan hydroxylase (Tph, also known as Hn) was unchanged 
in the microarray samples.  
 
Figure 49: The Enzymes Responsible for Processing Neurotransmitters in Drosophila 
(Left) Ddc::hRFP is expressed in a subset of EEs, marked by GFP. (Right) The enzymes responsible for 
catalyzing the reactions to generate catecholamine neurotransmitters in Drosophila. Tdc2 was  EE-







 I will be testing whether there is serotonin expression in the Drosophila EEs by antibody staining. 
The results are still in process, but emerging data suggest that there might be serotonin present in ISCs, 
EBs, and EEs. I will be making marked clones of HnIR and DdcIR to see if the staining goes away in the 
knockdown. If it does, this will confirm that the staining I see is in fact serotonin.  
 Lmx1a and Lmx1b were not the only interesting genes to come out of my fly screen. Prospero is 
a strong candidate for EE-specificity based on the fly gene expression assay. The RNAi knockdown nearly 
eliminated all known EE-hormone transcripts, as did the RNAi for tap, the homolog of the mouse 
endocrine-specifier Ngn3. Even though the mouse targeted screen did not show a significant change in 
Prox1 or Prox2 levels in the Ngn3 knockdown, the extreme fly phenotype merits a closer look in the 
mouse. We have acquired intestinal samples from Pdx1::Cre, Prox1flox/flox mice and we will be examining 









The Effect of Egfr on Proliferation 
 I hypothesized that Egfr signaling is serving as a niche signal of ISCs, to maintain them in the 
proliferative and undifferentiated state by inhibiting a Notch signal from the EB to the ISC. I found that 
Notch signals were still inhibited in the ISC even without active Egfr signaling, but that ISCs and EBs 
without Egfr lacked the strong shg staining which usually characterizes them. Several other groups have 
now published that Egfr is required in the midgut to mediate regeneration after damage and to maintain 
ISCs. It is possible that the loss of shg in Egfr pathway knockdown flies is the cause of the loss of ISC 
identity and survival. I would first confirm the loss of shg in Egfr mutants by qPCR and then I would test 
its function by over-expressing shg in the Egfr null clones to see if I could rescue clone size or clone 
maintenance over time.  shg has been shown to play an important role in ISC maintenance and 
proliferation. Too much shg has been shown to arrest ISC divisions due to the fact that EBs do not move 
away from the ISC and they continue to exert an inhibitory effect on ISC proliferation (Choi et al., 2011). 
Too little and ISCs and EBs can lose hold of the basement membrane and die by anoikis (Buchon et al., 
2010).  
 The question of whether there is a classical ISC niche remains unanswered. There are several 
signals that have been found to regulate ISC self-renewal, but it is not clear how they regulate ISC 
number. ISC number remains fairly constant in a wild type midgut, which suggests that there is a niche 
maintaining only that number of cells. One could imagine 750 spots of some adhesion molecule along 
the length of the basement membrane which signal to the ISC to remain undifferentiated. In the mouse 
intestine, the Paneth cell has been named as a source of Wnt ligand that serves as the niche signal for 
the CBCs. It is tempting to postulate that the EB is serving a similar role in the Drosophila midgut, but the 
observation that not every ISC is adjacent to an EB belies this theory.  It is also possible that the EB is 
serving as a niche of sorts for a subset of ISCs (the active stem cells) and another subset is not 




quiescent ISCs in Drosophila, but the observation that ISC number goes down to the same number in 
starved flies and in the vn knockdown flies raises the possibility that all but the quiescent stem cells are 
lost in these cases. This scenario would allow the gut to change its conformation based on food 
availability or infection, and then replenish itself by the activity of the quiescent stem cells.  
 
Final Comments 
 By using a Drosophila screen, I was able to identify two novel genes which are likely expressed 
by mouse EEs, and could be serving to specify these elusive cells. Besides identifying novel candidates 
for vertebrate EE-specification, I have found that the overall similarities between Drosophila and mouse 
intestinal cell specification, and specifically that of the EEs, are remarkably similar.  
 I have also found significant parallels exist between EE and retinal development. This suggests 
an exciting conservation of evolution on another level: that of the tissue layer.  It is possible that 
chemosensory and light sensory cells evolved from the same sensory cells in a common porifera-type 
progenitor which were specified by the same pathways that we see in use today in the eye and the gut.  
 The scientific community has embraced the use of Drosophila as a model organism for dissecting 
conserved signaling pathways, and my results are further confirmation of the utility of such an approach 
in terms of gut developmental genetics, given the strong conservation between the developmental 
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